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Abstract
This review was initiated by the Department of Primary Industries, Fisheries Victoria, and a need for
updated information on the current and potential use of seaweeds in abalone diets, with particular
reference to suitable off-shore grow-out systems of abalone in Victoria. Abalone aquaculture in Australia
is predominantly land-based and uses artificial feeds, primarily composed of cereal crops. Although great
improvements have been made in the development of artificial feeds for land based systems, there are
both economic and environmental reasons to re-consider feed composition for abalone, particularly in
relation to the potential for sea based systems.
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Non-Technical Summary
This review was initiated by the Department of Primary Industries, Fisheries Victoria, and a need
for updated information on the current and potential use of seaweeds in abalone diets, with
particular reference to suitable off-shore grow-out systems of abalone in Victoria. Abalone
aquaculture in Australia is predominantly land-based and uses artificial feeds, primarily composed
of cereal crops. Although great improvements have been made in the development of artificial
feeds for land based systems, there are both economic and environmental reasons to re-consider
feed composition for abalone, particularly in relation to the potential for sea based systems:
-

-

-

sea-based systems may achieve lower running costs than high energy land based systems,
at least in the later stages of abalone grow out,
existing artificial diets are not well suited to cage grow out systems where regular feeding
is more difficult to deliver effectively, wastes are cumbersome to clear out regularly
enough and/or feed is leached and lost quickly to the environment,
alternative feed sources that may reduce abalone feed costs are important to identify, and
seaweed cultivation has not been considered seriously in Australia for this purpose until
recently,
seaweeds could reduce the reliance of feed sourced from valuable land crops,
seaweeds could provide for improved amino acid profiles and other nutritional
requirements for improved growth and health of abalone in cultivation,
findings from seaweed dietary trials to date are inconclusive due to experimental
differences (choice of seaweed species, abalone species and experimental design) and
limited scaled up and well documented pilot-commercial trials, however there are strong
indications in the published literature that there is great potential for seaweed as a key
nutritional component in feed for Australian abalone aquaculture.

Here, the potential for improved feeds for abalone in cultivation systems suitable to Victoria,
Australia, is reviewed in relation to five issues; what is known from existing diets and feeding
trials of abalone in cultivation worldwide, what seaweed species might be suitable for the culture
of species or hybrids of the two most commonly farmed abalone in Victoria (Haliotis rubra, or
black lip abalone, and H. laevigata or greenlip abalone), the technology options for cultivation of
suitable seaweed species, and finally, cost-benefit considerations from existing abalone cultivation
enterprises.

A review of worldwide diets for abalone with focus on offshore grow out
diets
To date it has been difficult to provide conclusive recommendations on the benefits of seaweed
inclusion in abalone diets, as results from different studies are rarely directly comparable and
often appear contradictory. This is due to the complexity of feeding trials. Different trials use
different species of seaweeds and abalone and varying environemntal and animal husbandry
factors that also affect the growth and health of abalone in cultivation. Although it is difficult to
make paired comparisons across feeding trials, there are now enough studies done worldwide to
provide an initial meta-analysis for broad patterns of feeding responses, here including 130 diets,
to identify nutritionally promising seaweed species and to identify where head to head trials have
had promising outcomes compared to formulated feeds in diverse abalone cultivation systems.
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This review demonstrates that there is huge variation in the growth performance of abalone fed
different diets, particularly in the first year and up to 30mm length (Figure 0-1). Formulated feeds
currently appear to outperform many of the seaweed based diets at this early stage of grow out
and good progress has been made in understanding the crude nutritional profiles required by
abalone at this life stage. Specifically the protein/energy ratios have been improved and protein
content has been reduced from about 40% to 20% in many feeds in the last 15 years through a
more balanced amino acid profile. This has benefits for growth rates that rely on energy rather
than protein and also reduces ammonia in the waste stream with consequent benefits for
improved water quality.

Specific Growth Rate (%day-1)

1.80
A

1.60
1.40

B

1.20
1.00

M

0.80
R

0.60
0.40

G

0.20
0.00
0

20

40

60

80

100

Length (mm) at end of feeding trial
Figure 0-1. Specific growth rates of shell length per day of abalone fed different diets including formulated or
Artificial feeds (A), Brown (B), Mixed (M), Red (R) and Green (G) algae.

In contrast to formulated feeds, the majority of seaweed feed trials have been based on
opportunistic and/or single seaweed species diets, while formulated feeds are just that;
formulated with broader nutritional needs provided for. Thus seaweed feed trials to date have
often been nutritionally inferior by default. However, the few studies that used targeted and/or
mixed seaweed diets (and where direct comparisons could be made with formulated feeds),
fortification with seaweed, and protein-enhanced seaweeds, provided for significant gains in
abalone growth rates and health. This indicates that although the protein content and energy
ratios may be suitable in most formulated feeds, there are still nutrients or other factors present
in seaweeds but missing in formulated feeds that may limit optimum development of abalone.
Of note is that abalone growth rates at sizes above 30mm drop significantly across all feed types
and are similar regardless of diet. This result requires cautious consideration as it reflects a much
smaller number of trials compared to trials with smaller class sizes of abalone. Research also
identifies the potential for total seaweed and lower protein-content feeds for larger size classes to
provide equivalent growth rates to conventional formulated feed. Formulated and high protein
feeds for larger size classes may indeed promote sexual maturity and gonad development rather
than meat yield. This finding also identifies the gap where large growth or savings might be
made, and whether this can be addressed in sea based cultivation systems. Many of the large-scale
abalone-producing nations rely predominantly on seaweed as a major, if not sole, component of
the abalone diet in offshore cage systems.
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Despite a lack of consistency between studies as to which mix of seaweed species are optimal for
different abalone at different life stages, the findings of the meta-analysis here identify specific
types of feed to target for different life stages and in different systems.
For example, research suggests, red seaweeds seem to be nutritionally superior and provide for
growth rates similar to formulated feeds for Australian species of abalone, if the correct red
seaweeds are selected. Research also suggests that brown and green seaweeds are less suitable as
single-species diets for juvenile abalone. However, in combination with red seaweeds (and with
protein enhancement during cultivation) green seaweeds can provide for improved growth and
health. In addition, although brown seaweeds may be a poor choice for early stage abalone diets,
they may provide feed with at least equivalent growth performance to formulated feeds for the
later stages of grow-out in sea-based cages and can contribute to a mix of red and green seaweeds
as potential seaweeds for abalone feed.
Other benefits of seaweed as a feed source, demonstrated in the literature, may include:
-

reduced leaching (esp. fresh seaweeds) and reduced waste streams,

-

improved water quality,

-

better representation of essential nutrients from the natural diet,

-

improved health or reduced mortality,

-

improved feeding behaviour,

-

normal sexual and gonad development; and

-

reduced reliance by a marine primary industry on terrestrial crop production systems.

Further considerations on the use of seaweeds in abalone diets include:
-

the taste of abalone reflective of diet (finishing diets for taste and shelf life may be
needed),

-

the appearance and yields of abalone meat and shell,

-

biosecurity which may be improved or reduced with the use of seaweeds,

-

seasonal availability and reliance on narrowly sourced diets.

A further concern for future feeding trials and the use of seaweeds is that Australia has made
considerable progress in the selection and domestication of strains and hybrids of abalone. This
has provided for improved growth rates and survivorship of abalone cultivars. However this
implies that current domesticated or partially domesticated strains of abalone in Australia have
been selected for while grown on formulated feeds, and may be particularly suited to high protein
diets. Other domesticated or selected species and hybrids might need to be selected when
assessing seaweed based diets.
The findings emphasize the need to consider future feed trials with seaweeds that provide
information towards achieving viable land and sea-based abalone cultivation stages, including:
-

direct comparison between artificial diets and nutritionally well-designed and selected
seaweed diets (some underway)
feeding trials across all size classes of abalone and with different diets
compare feeding management regimes and associated costs for formulated, fresh and
dried seaweeds
compare feeding regimes of seaweeds versus formulated feeds in cage culture and
determining the optimal cage culture system for seaweed based diets (eg. light source,
depth of cages and type of seaweed are important)
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-

development of artificial feeds with reduced leaching and increased seaweed content for
targeted health, feeding and growth benefits
feeding trials with hybrid or selected abalone strains for seaweed diets
Standardised feeding trials with consistent data collection, husbandry and environmental
variables.

In summary, current research implies that abalone feeds are still under development with further
potential to improve the growth rates, health and quality of abalone in cultivation systems. In
particular, different feeds will be suitable at different size classes and in different land or seabased grow-out systems.
Formulated feeds offer convenience, specific nutritional profiles and cost benefits to farm
management on land; generally however, it appears that mixed diets with seaweed (preferably
cultivated) for fortification are suitable and potentially beneficial for grow out to 30mm. Brown
seaweed or kelp based diets that are potentially economically efficient might be suited to the final
year of grow out followed by a finishing diet for taste and transport quality of the product
(Figure 0-2).
Any diet that is to be used on a farm must outperform natural diets, not only in growth rate
produced but in cost and quality aspects as well. It is suggested that a series of transitional diets
to suit the abalone system and stage of cultivation may be developed, including a transition from
land based culture to sea based cage culture in the total grow out process.

juvenile

sub-adult

Land based
Diatoms &
Ulvella
lens

adult

Sea based
seaweed
fortified
feed or
fresh mixed

protein
enhanced &
selected
cultivated
seaweeds

Figure 0-2. Conceptual staged abalone cultivation systems and diets that may provide for improved growth,
health and reduced costs of abalone grow out cultivation.

Preferred algae for greenlip and blacklip abalone
A review of greenlip and blacklip abalone feeding studies included wild gut content analysis, feed
preference trials, isotope analysis, biochemical assessment of seaweeds and growth rates in
capture. The life stage of abalone was also considered, as there is strong evidence to support
large shifts in dietary preference with age and size.
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Research shows how juvenile diets of wild greenlip abalone shifted according to life stages.
Initially crustose coralline algae and detritus dominated diets of greenlip between 5-10 mm,
followed by diversification and a subsequent shift towards other macroalgae and seagrass for
sizes between 10-20 mm. Finally red algae become more prevalent through time up to size classes
>25 mm. One of the key points emerging from the literature is that early growth is an important
determinant of later performance.
Similar feeding progression across earlier life stages of cultivated abalone (larvae to 8mm) has
also been identified. Cultivated abalone larvae grow best on a biofilm of older Ulvella lens, post
larvae on Ulvella lens with inoculum of Navicula sp. and juveniles (4 mm) on a mixed diatom diet.
Juveniles of 5-7 mm prefer Ulvella lens + Ulva spp. germlings followed by formulated feed (from 8
mm) or perhaps algal fragments.
Important points emerging from research are the benefits that come from an algal diet in
comparison to formulated feeds, such as increased survivorship and enhanced growth rates.
Good survivorship can greatly reduce costs at commercial scales and is as, if not more, important
than growth rates for viable production. Feed and nutritional shifts in the later life stages of
cultivated abalone are less well researched, but there is much to learn from the few studies that
exist as well as trends from feeding research in the field.
That adult abalone prefer red macroalgae over other algae is one of the more consistent findings
across numerous food choice experiments and wild diet studies, however this is not true for all
red seaweeds which have a high diversity, and numerous species have developed quite chemically
challenging defences against herbivores such as abalone. In contradiction to the preference for
red seaweeds, others have reported that Ecklonia radiata and Phyllospora comosa were preferred to
not only Ulva lactuca, but also the red macroalgae Jeanerettia lobata (Table 0-1). In addition, a
number of species of both brown and green macroalgae, as well as seagrass and detritus, have
been reported from the gut of wild abalone and eaten in laboratory trials, and mixed seaweed
diets often perform better than red algal diets alone.
Table 0-1. Comparison of preference results from two studies of juvenile H. rubra
1= most preferred algae, 6= least preferred algae. Algae species are colour coded red, green and brown.

Foale and Day 1992
1
2
3
4
5

Algae
Jeanerettia lobata
Plocamium mertensii
Gigartina radula
Ulva sp./Ulva lactuca
Macrocystis angustifolia
Phyllospora comosa
Ecklonia radiata

McShane et al. 1996
5
2
1
6
4
3

Clear contradictions in preferences across separate studies are difficult to explain other than that
different sources of seaweeds, abalone as well as differences in husbandry conditions were used
and that abalone derive a nutritionally complete diet from diverse sources rather than narrow
diets.
The same studies that indicate a preference by older abalone for red macroalgae also highlight the
wide range of food items consumed and a diverse algal diet is the key point across these studies.
The natural diversity and non-specificity of natural diets should be considered as beneficial for
the future development of seaweed and formulated feeds, but it would be prudent to extend
feeding trials of cultivable seaweeds over a range of size classes of abalone (e.g. juveniles, sub
adult, adult).
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There is enough evidence to suggest that a range of local endemic seaweed species are good
candidates for the development of mixed algal diets for cultivated abalone that include red, green
and brown species. However the cultivability of different seaweed species may be the driver for
feed selection in commercial systems.

Potential suitable species of endemic and non-endemic algae to
culture, including their composition
The cultivation of seaweed may address the previously perceived limitations of seaweed supply
through wild harvest. Although seaweed cultivation appears to be a major technological hurdle in
Australia, it has a long history in Asia for human consumption, and currently over 13M tons is
produced at a value of over $6B. Over 200 species are cultivated across 10 genera including
representatives across all three groups of red, brown and green seaweeds, although red species
dominate production.
Growth rates of seaweeds range from 10 – 120g dry weight m-2/day-1 and generally out perform
the productivity of land plants. Therefore the potential exists for more productive abalone feed
production using seaweed in preference to terrestrial crops as is current practise, the economics
of which remain to be determined in the Australian context and are considered below.
Although seaweed cultivation research is well published, seaweed cultivation technology and
commercial systems are still in a stage of infancy compared to terrestrial crops and very few
studies are based on Australian species and conditions. However, many of the experimentally or
commercially cultivated genera are represented in the Australian marine flora and cultivation
technology can be developed from this knowledge. It cannot be assumed however that local
species or strains have identical lifecycles and physiological requirements to that of commercial
cultivars, and cultivation technology must therefore be tested at pilot commercial scales.
Considering the findings from Section 2 and Section 3, six algal taxa (Table 0-2) were selected as
candidates for seaweed cultivars in Australia towards feed trials for abalone aquaculture with
Haliotis rubra, H. laevigata and hybrids thereof. Representative candidates from the three algal
classes are identified to provide for the mixed diet preference and nutritional complexity required
by abalone, although the exact requirements and relative proportions are still unknown. These
diverse seaweed groups also provide for a range of cultivation technology options both on land
and at sea.
Table 0-2. Six seaweeds with potential for cultivation and feed for abalone in southern Australia VG=very
good, G=good, AV=average

Taxa
Gracilaria sp.
Asparagopsis armata
Gelidiaceae
Ecklonia radiata
Macrocystis augustifolia
Ulva sp.

Greenlip, blacklip preference
VG
G
VG
G
G
G

Cultivation success
VG
VG
AV
AV - G
G
G

Potential onshore and offshore culture techniques for algae
appropriate for offshore abalone culture needs
Algal cultivation techniques vary from high investment and high intensity land-based tank
systems to less intensive ponds, and extensive but more labour intensive bottom planted or
suspended rope culture at sea. The different cultivations systems are suited to particular seaweed
types, seaweed products (depending on value) or different socio-economic settings (considering
labour costs).

6|Page

The success of global production systems of seaweeds has relied mostly on sea based systems for
phycocolloid rich seaweeds such as Gracilaria and, for some of the high value food species such
as Porphyra sp. (nori) in Japan, with land based propagation facilities. Canada has one of the few
and amongst the largest land-based, grow-out tank cultivation systems for the commercial
production of Chondrus crispus to Japan for human food.
Although cultivated abalone are commonly fed kelp in offshore systems in countries outside of
Australia, the industry until recently has relied predominantly on wild harvest or beach cast
collection of kelp. Facing significant impacts on wild kelp populations in countries such as South
Africa, seaweed cultivation systems to provide food for the abalone industry are emerging as a
sustainable solution for industry growth. South Africa in particular has embraced this
opportunity with some land based abalone cultivation systems operating on a commercial basis
with seaweed cultivation integrated for both bioremediation and feed production purposes.
In Australia, there are a number of models of seaweed cultivation that could provide for a
diversity of seaweeds, however of consideration is that many offshore sites on the east coast of
Australia are nutrient poor compared to locations in the northern hemisphere, hence the low
potential for wild harvest. It may be pertinent to embrace the higher nutrient loads that
aquaculture can provide in fed pond based aquaculture to cultivate seaweeds such as Ulva,
Gracilaria or Asparagopsis armata, all of which have been demonstrated to work successfully in this
way. In contrast, brown kelp species such as Macrocystis or Ecklonia sp. are less suited to tank
cultivation and probably require offshore rope cultivation systems placed in localised nutrient
rich water. Such systems could work efficiently alongside sea based grow out of adult abalone in
the final year of growth.
Considering that a diverse seaweed diet is preferred and that diverse seaweed cultivation systems
may be more or less suited to specific local conditions, a modular approach to seaweed
cultivation across diverse species and technologies may be the most appropriate for cultivation of
seaweed biomass for aquaculture feed for abalone in Australia. The species and systems will need
to be aligned with land or sea based resources and infrastructure. Such a „best use‟ strategy takes
into consideration new international abalone aquaculture guidelines under development by WWF
and can provide opportunity for environmentally sustainable production systems and marketing
of Australian abalone, however pilot cultivation and trials will need to be established for
identified commercial opportunities.
In summary, the staged development towards cultivated seaweed for abalone feeds and sea-based
abalone grow out systems may follow stages that include a research and development strategy to
assess the suitability of water delivery, well managed nutrient supply, inorganic carbon supply
(e.g. CO2), temperature, light control and suitable cultivation infrastructure, and with an
adaptable commercial development plan:
Stage 1: Onshore hatchery and nursery tank cultivation of abalone
Larvae/postlarvae fed microalgae
- Drawing on work in Australia by Daume and Borowitzka
Nursery and juvenile stages fed formulated feed and/or protein-enriched Ulva and
Gracilaria (or other red seaweed) grown in land-based tank systems
- Co-cultured in partial recirculation systems
- Drawing on integrated multi-trophic aquaculture models in South Africa and in
literature presented here
- Lengthening grow out in nursery tanks through the use of fresh seaweeds and
high density of abalone
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Stage 2: Offshore cultivation of sub adult /adult abalone
Anchored barrels or cages of abalone fed fresh seaweeds for reduced feeding regularity
and maintenance and good water quality
Experimental tank-based Ecklonia radiata or Macrocystis pyrifera hatchery and nursery
culture
- Artificial seed production, selective breeding and rope seeding
- Guidelines as for Ecklonia stolonifera (Hwang et al. 2009)
Offshore grow out of suitable brown algae, Ecklonia radiata or Macrocystis pyrifera and
potentially tiered multispecies cultivation with green seaweeds used as shade for sublayers of red and brown seaweed cultivation
- Adjacent to or directly on structures for offshore abalone cultivation
- Potential combination of production for high value products as well (food and
nutraceuticals).

Preliminary cost-benefit analysis of using cultured algae as a feed
source and/or ingredient in manufactured abalone feeds
The integration of seaweeds into abalone cultivation systems can have many direct and indirect
costs and/or benefits versus formulated feed, such as improved growth rates (direct) and
improved water quality (indirectly improving growth and survival, reducing grow out costs and
therefore land costs, and reducing management and energy requirements). In contrast, it may be
simpler to deliver purchased formulated feeds in land based famrs, but the need for more regular
feeding and leaching of nutrients imply increased maintenance. Therefore, there is no single
model that can deliver a comparative cost benefit analysis across the range of abalone types,
feeds and cultivation systems. Several benefit or cost factors may be hidden or not shown in a
balance sheet and may only become apparent in the culture environment. For example, the South
African commercial farms that produce Ulva spp. in abalone effluent claim to produce enough
seaweed in 1600m2 of raceway tanks (x4 tanks) to feed 40-50t of wet weight abalone and report
to save the farm ~US$70K/yr in feed costs.
Of further consideration is that the production costs of seaweeds can vary hugely depending on
the cultivation system (within and across land and seabased systems), species choice and
environmental factors. Thus a cost benefit breakdown for incorporation of seaweed into abalone
feed systems is unrealistic on a general level. The technology and information sources reviewed
here however, in combination with proposed abalone cultivation systems, should provide for a
basis upon which to design a cultivation system, cost it and adapt it when the cost limitations
become evident in a business plan.
In summary, seaweed as a feed in abalone aquaculture has been demonstrated to have
comparative feed costs to formulated feeds (per dry weight and per specific growth rate), and
with added costs or benefits depending on the system design, species or mix of seaweeds,
abalone and most importantly management practices. Formulated feed format (e.g. dried, fresh,
also pellets, chips, flakes) can affect costs directly at purchase, but also in many indirect ways
including animal growth and survivorship, water quality and therefore again growth and
survivorship and management and energy costs.
The specific abalone cultivation system design and specific seaweed species and cultivation
technology require detailed costing for a business plan directly relevant to the local situation and
proposal. Information sources for the technology and then indirectly the ability to cost
production systems can be found throughout this review. Pilot commercial trials with a strong
research and development focus are the most effective way to progress the commercial
development of sea-based and seaweed-fed abalone cultivation systems.
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Introduction
Abalones are relatively large herbivorous gastropod molluscs that typically graze surfaces using a
specialized scraping mouthpart called a radula. The single perforated shell almost completely encloses the
animal, which moves on a large muscular foot (Ruppert et al. 2004). Found in sheltered to exposed
habitats from the intertidal to about 100 m depth worldwide, many of the approximately 50 species in the
genus Haliotis (Wilson 1993) are commercially important, with haliotid fisheries active on most large
continents (e.g. Japan: Haliotis discus hannai, South Africa: H. midae, Europe: H. tuberculata, North America:
H. fulgens, previously H. rufescens and H. kamaschatkana).
Australia, with approximately 20 species of Haliotis (Wilson 1993), has commercial fisheries for temperate
H. roei, H. laevigata, H. conicopora and H. rubra with aquaculture interest reported for these species as well as
temperate H. scalaris, H. laevigata x H. rubra hybrids (Vandepeer & Barneveld 2003) and tropical H. asinina
(Freeman 2001). China and Taiwan consume around 80% of the worlds‟ catch while Japan, Taiwan and
Hong Kong together represent the major export markets for Australian canned and fresh products
(Freeman 2001). While demand and prices have increased worldwide, wild stocks have declined (see
Heasman 2006 for Australia). Rehabilitation of wild stocks has been met with limited success due
especially to low survival of juveniles (Heasman 2006). Declining wild catch, coupled with difficulties
rehabilitating wild populations, has fuelled interest in the aquaculture of temperate abalone species, an
industry that has been developing in Australia over the last ~20 years (Freeman 2001).
Seaweeds for abalone feeds has been researched for decades and seaweed growing is practised widely in
other abalone cultivation nations such as Japan and South Africa, however Australia moved away from
this concept early in the establishment of the industry as farms were land-based and seaweed was both
unavailable in reliable quantity and quality for grow out. A growing literature however targets seaweed
cultivation expressly for abalone aquaculture. It includes an extensive unpublished literature base (theses)
on seaweed growth in abalone aquaculture effluents and efficiency/benefit of algal diets for H. midae
abalone from University of Port Elizabeth, South Africa (Fourie 1994, Hampson 1998, Steyn 2000,
Njobeni 2006, etc), as well as work by Demetropoulos & Langdon (2004 a,b,c).
Two distinct bodies of research exist on abalone feeding for aquaculture purposes, one that focuses on
supplying animals with algae, wild and/or cultured, and the other optimizing artificial or formulated feed
diets (Troell et al 2006). The best strategy is still unclear, some research suggests a mixed algal diet
produces higher growth rates than formulated feeds (South African H. midae: Naidoo et al. 2006), while
other research favours the use of formulated feeds to optimize growth (North American H. fulgens:
Corazani and Illanes 1998, Viana et al. 1993), still others report no difference in growth rates on artificial
compared with natural diets (North American H. fulgens: Serviere-Zaragoza et al. 2001, Australian H. roei:
Boarder and Sphigel 2001). Moreover, algal rotation diets that offer a primary alga (often the most
abundant kelp species) for approximately 80% of the time, followed by one of five secondary (less
abundant species) for the remainder of the rotation period are yet another option (South Africa H. midae:
Simpson and Cook 1998).
In Australia, a growing literature focussing on tailoring abalone diet for aquaculture purposes exists
(Fleming et al. 1996, Dunstan et al. 1996, Freeman 2001 pgs. 27-32), and there has also been a resurgence
in testing a mixed diet of cultured microalgae and macroalgae (Daume et al. 2004, Daume 2006, Daume et
al. 2007, Strain et al 2007). A mixed algal diet is considered beneficial in nursery systems, allowing
juveniles to remain in the system for a longer period of time, maintain higher growth rates and reduce
husbandry stress (Strain et al. 2007). Moreover, growing for example, abalone and algae together, utilizes
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an integrated multi-trophic aquaculture (IMTA) approach that is widely recognized as a viable aquaculture
strategy (Sphigel et al. 1996).
IMTA makes efficient use of expensive land-based systems by combining crops from different ecological
levels that essentially feed one another. Seaweeds, herbivores, omnivores and detrivores are ecologically
more efficient and less expensive to cultivate (given lower production costs) than fish and fed-shrimp
with the ability to recycle their own waste. Moreover, these low trophic level aquaculture
organisms/crops presently comprise nearly 90% of global aquaculture tonnage, >90% of all aquaculture
production in China and >60% of production even in North America (Neori 2008, also Bunting &
Shpigel 2009 for overview of economic potential of horizontally integrated land-based marine
aquaculture). In addition, IMTA can be considered as a profitable environmental management strategy
(EMS), and commercially viable enterprises are already in operation in South Australia. There will
however be clear differences in technology and cost benefit comparison to sea-based systems.
Research publications, including reviews, relevant to successful abalone aquaculture have been published
regularly; often as a result of annual Abalone Aquaculture conferences (see also Fleming et al. 1996,
Freeman 2001, as well as a number of FRDC reports). However, despite the accumulation of abalone
research pertinent to aquaculture, a recent review integrating work done in the past decade is lacking
(although see Daume 2006 for microalgae diets for early life stages). The aim of this review is to
synthesize scientific work on: 1) greenlip, blacklip and hybrids („Tigers‟) feeding preferences, 2) culture of
algal food for greenlip and blacklip abalone, 3) culture technique/methodology of seaweeds relevant to
south eastern Australia abalone aquaculture, 4) review of manufactured diets for abalone worldwide with
a focus on offshore grow out diets and 5) a preliminary cost-benefit analysis of using cultured algae as a
feed source or ingredient in formulated feeds compared to wild collected algae or non-algal formulated
feeds.
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1 A review of diets for abalone world-wide with focus on offshore
grow out diets
1.1 Background
According to the FAO (2005), abalone farming now occurs in the following 12 countries; China, Korea,
South Africa, Japan, Taiwan, Australia, Chile, United States of America, Mexico, Iceland, Peru and New
Zealand. The Japanese set the stage for the culture of abalone worldwide as their pioneering work on
artificial spawning, animal husbandry, culture techniques and feeding strategies provided a foundation for
other countries to initiate research on their respective species through the adoption and adaptation of
these techniques (Hahn, 1989a; Britz, 1995). Traditionally the industry relied on natural seaweed feeds as
a diet, however since formulated feeds can offer a number of nutritional, economic and convenience
benefits (Britz et al., 1994; Sales & Britz 2001a) many countries began concentrating their research efforts
into formulated feeds (Fleming et al. 1996). The development of nutritionally complete pelleted feeds
was seen by a number of analysts as being fundamental for the expansion of abalone farming (Hahn,
1989c; Fallu, 1991; Britz et al., 1994; Fleming et al., 1996).
In Australia, seaweed resources are less abundant than in some other nutrient rich coastal areas and wild
seaweed harvesting is generally not considered to be good practise, although a sustainably managed
harvest could be feasible in certain areas for abundant species such as Macrocystis pyrifera (Cropp 1989).
Further, seaweed cultivation is not established in Australia and beach wrack is unreliable and varies in
nutritional value. Therefore, there seemed to be an informal consensus, within industry and in research
organisations, that the disadvantages of seaweed as an abalone feed required manufactured artificial feeds
as a solution for land based cultivation systems.
Consequently, in Australia and globally, the last two decades has seen a rapid increase in the number of
research groups developing artificial diets to supplement or replace seaweeds in abalone culture (Uki &
Watanabe 1992, Viana et al. 1993, Fleming et al. 1996, Britz 1996a, 1996b, Capinpin & Corre 1996, Moss
1997, Coote 1998, Corazani & Illanes 1998, Lopez et al. 1998, Chen & Lee 1999, Kruatrachue et al. 2000,
Serviere-Zaragoza et al. 2001, Boarder & Shpigel 2001, Shipton & Britz 2001a & b, Jackson et al. 2001,
Naidoo et al. 2006, Dlaza 2006, Robertson-Andersson 2007). In 1996 it was reported that 11 commercial
abalone diets were being manufactured globally, and following that review, it is estimated here that the
number of diets has doubled, with four commercial diets readily available in Australia. This research has
provided for a better understanding of the nutritional requirements of abalone for protein and amino acid
profiles, lipids and essential fatty acid ratios, energy sources and digestibility. This has resulted in
improved growth rates of farmed abalone, however formulated feeds offer both benefits and costs to an
aquaculture operation and FitzGerald (2005) reviewed these relating to the use of artificial feeds. Recent
literature suggests that diets need to be developed that are species and culture condition specific (Britz &
Hecht 1997, Freeman 2001). In particular, artificial feeds are known to leach and lose valuable nutritional
value within 24 hours at a cost to the farmer (Ho, 2006). Reducing the amount of leaching is particularly
important in sea based systems where limitations to feeding regularity compound the effects of nutrient
leaching. There is interest in either developing improved formulated feeds with seaweed for reduced
leaching properties and improved nutritional profile, or providing fresh cultivated seaweed to abalone
systems.
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1.1.1

Considerations of diet

1.1.1.1 Growth Rates
Abalone nutrition researchers and farmers have claimed many advantages of artificial feeds of which
enhanced growth rates, due to the increased protein and dry matter content, is foremost. High growth
rates can be achieved where diets have been optimised to provide all nutritional requirements with the
added advantage that feed quality remains constant throughout the year. In addition to the ability to
adjust formulations for different species or different life stages, it is also possible to change the physical
presentation. In this way powders, crumbs, pellets and strips can be produced and targeted to specific life
stages and improve nutrition and growth. However the cost of artificial feeds remains high and is not well
developed for sea-based grow out. It is also evident that further improvements to cost effective feeds,
development of life stage appropriate feeds, reduced leaching and improved nutritional profiles can
provide for further improved growth rates throughout the grow out period, specifically in the later stages.
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Figure 1-1. Specific growth rates of abalone compared to the (a) end size of abalone and the (b) start size of abalone
from 130 dietary trials from 38 feeding studies (see Table 1-3). (a) represents individual feeding trial specific growth
rates based on length, while (b) provides an average trendline for each of the groups (A = Artificial formula, AG =
Artificial formula with Green algae, AM = Artificial formula with Mixed algae, AR = Artificial formula with Red algae,
B = Brown algal (kelp) diet, M = Mixed algal diet, R = Red algal diet, G = Green algal diet).
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Feeding trials and associated growth rates of abalone feeding on macroalgae and artificial diets have been
studied for at least 11 abalone species (Table 1-3). Historically it has been difficult to provide a synthesis
of findings or identify broad patterns when the number of studies was small, few used the same
methodology, feed, species or age of abalone and head to head trials using a large number of seaweeds
and artificial diets is costly. With considerably more recent feeding trials completed however, this review
synthesizes some of key findings and patterns of benefits and detrimental effects of diet, from over 130
diets used in just under 40 studies (Table 1-3). There remain inconsistencies between methods, seaweed
selection and condition, feed formulations and blends and species of both abalone and seaweeds that will
impact on the relative findings and growth rates, however enough studies have been undertaken to assess
preliminary patterns and identify the questions that remain.
In synthesizing over 130 artificial and diverse seaweed diets in feeding trials to date, it appears that on
average, artificial feeds provide for better growth rates in the early stages of growth up to 30mm. A
number of limitations across these studies include the use of opportunistic and less nutritionally valuable
seaweeds, use of kelp dominated beach wrack to feed juvenile or smaller abalone with a small radula that
is poorly suited to the tougher kelp species, and the dominance of single seaweed species diets. In
addition, the majority of trials focus on artificial diets and therefore some researchers using artificial diets
have reported fantastic growth rates, however, Fleming et al (1996), makes the point that caution should
be used with some of the experimental techniques particularly with short studies. A poorly balanced diet
may give good results in the short term yet certain nutritional components may then become limiting and
reduce growth rates if a longer study had been performed.
There is strong evidence that more nutritionally balanced seaweed species provide for growth rates that
equal or exceed growth rates using formulated feeds. The most appropriate evidence for comparative
growth rates is from studies where feeding trials in the same conditions include both artificial and
seaweed diets, of which there are few. Of these, Daume (2007), Naidoo (2006) and Sangpradub (2004)
showed that seaweed diets provided for superior growth rates compared to artificial diets; Boarder and
Shpigel (2001) and Capinpin & Corre (1996) showed equivalent growth rates were achieved with an
artificial diet delivering better weight and shell growth in the first 3 months, but better long term growth
with the macroalgae. It was suggested that the reduced long term growth rate with the artificial diet was a
result of the channelling of resources into early gonad development and the paper concluded that
seaweed was the best way forward. In contrast, Taylor & Tsvetnenko (2004) and Kunavongdate (1995)
showed growth rates on artificial feeds were superior compared to fresh seaweed. Other studies (Coote,
et al 2000; Dlaza, 2006) have also shown that artificial diets can be enhanced by complementing feeding
with seaweeds or microalgae (Duniella salina) with resulting improved growth rates.
Despite a lack of feeding trials for abalone larger than 40mm, there is comparative evidence from the 130
diets that suggests kelp might provide for equal growth rates compared to artificial diets and other
seaweeds during the later grow out stages (>40mm) (Figure 1-1) when abalone growth rates drop off
significantly across all studies despite the type of feed. This would be opportunistically convenient for a
potential sea-based stage for the final year or so of abalone grow out, as formulated feeds are difficult to
manage efficiently in sea-based systems. This trend should be further confirmed in sea-based trials.
1.1.1.2 Biosecurity
Seaweed can contain many pests and parasites which if they become established within a culture system
can both reduce growth rates and impact on mortality. Seaweed can be soaked in freshwater, rapid pH
change or high ammonia loads for a short period in order to try and remove these threats but complete
sterilisation cannot be maintained. Even low level infection can stress stock which in turn can make
abalone more susceptible to other problems (e.g. short term poor water quality) and reduce feeding
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efficiency (Mozquiera, 1992). For this reason an artificial diet can have major advantages in a biosecure
facility particularly in high intensity systems.
In contrast however, it has been shown that fresh seaweeds can actually reduce the viable pathogen load
in aquaculture systems and provide for improved immunity (Tendenecia 2009), and thereby growth and
survival, of aquaculture species. This has potential benefits for the environmental management and
productivity of abalone farms and needs to be weighed against the risks identified above. In addition,
artificial diets may provide for enhanced numbers of microbial organisms on leaching nutrients and
uneaten feeds which can be detrimental to the health of abalone (see below), whereas this effect should
be lower in fresh seaweed fed systems.
Location
Artificial diets may be more appropriate for certain farm settings particularly for land based facilities with
limited access to the sea. Access may be restricted for conservation or logistical reasons. In the first case
wild seaweed harvest may be prohibited, as is the case in most of Australia, whilst in the latter seaweed
collection may be too labour intensive and therefore expensive. The fact that these diets may not be as
water stable as seaweed may not be a problem in these settings where food can be applied little and often.
1.1.1.3

In contrast, sea cage cultivation is less suitable for artificial feeds as feeding regimes are not as regular and
leaching and loss of expensive feeds is a cost to the enterpsie. In this case, seaweeds cultivated nearby
may provide a nutritionally suitable solution for sea-based farms.
1.1.1.4 Not Seasonally Dependant
Seaweed from drift, harvest and culture will have periods of reduced availability; however this can be
addressed by developing rotational diets with seaweeds in season, storage or supplementation with
artificial feeds. Artificial diets can be stored for prolonged periods and can therefore provide a reliable
year round diet that is consistent.
1.1.1.5 Automated feeding systems
Automation of aquaculture feeding systems will allow the industry to:
-

site production closer to markets
improve environmental control
reduce production costs, through labour reduction (Lee, 1995)

Artificial feeds will be more suited to automated feeding systems than fresh seaweeds.
1.1.1.6 Feed conversion ratios
One argument used regularly in favour of artificial feeds is that Feed Conversion Ratios (FCRs) are
improved with artificial feeds; however there are biases here and this type of comparison is not relevant
unless the moisture content of all feeds is provided. For example, some studies still compare wet weight
conversion for seaweed with dry weight conversion for artificial feeds. If moisture content is not
provided in studies, then feed conversion in wet weight studies for seaweed may need to be reduced by
up to 85 % to be compared with artificial feed. In addition, highly variable FCR have been reported for
both seaweed and artificial diets due to farm management practices and variations in environmental
parameters. Therefore, simple statements about improved FCR for artificial versus fresh seaweed diets are
difficult to make. From an economic perspective, a comparison between feed costs per unit specific
growth rates would provide for much more relevant comparisons than food conversion ratios.
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Figure 1-2. Percentage water content of fresh seaweeds for two local Australian species of seaweed readily consumed
by farmed abalone. (Standard error bars shown, n=3).

1.1.1.7 Effects on quality and yield of product
Studies with cultured abalone have demonstrated that diet can have a significant effect on quality-related
factors such as chemical composition, taste, texture and colour (Dunstan et al. 1996, Chiou & Lai 2002,
Allen et al. 2006). Chiou & Lai (2002) found that small H. diversicolor fed on artificial diets contained less
(on a percentage basis) taurine and arginine, but more glycine, glutamic acid, proline, AMP, and glycogen
than similar abalone fed on macroalgae. In sensory tests, cooked meat (steam cooker for l0 min) from
abalone fed on artificial diets was preferred to meat from abalone fed macroalgae (Robertson-Andersson
2007). The authors attributed this to their differences in the taste-active components such as glycine,
glutamate, AMP and DMSP (Chiou et al. 2002; Smit et al in press). Haliotis iris fed a formulated diet
(MakaraTM) contained seven-times more glycine and double the ATP than animals fed local macroalgae
(Bewick et al. 1997). A sensory panel indicated a preference in texture and acceptability of cultured H. iris
fed formulated diets than wild-caught abalone, though the study found no difference in flavour between
the groups (Preece 2006).
The perception of quality and consumer preference varies dramatically between target markets, within
and between countries, (Oakes & Ponte 1996, Gordon & Cook 2004). Moreover, abalone reaches the
market in a variety of product forms (e.g., live, canned, dried, frozen), and different quality criteria may be
applied to each. Also, at the consumer end, traditional abalone recipes use the meat in three general
texture forms: tenderized (by cooking, canning or pounding), raw and dried meat . These textural forms
of abalone meat have different quality attributes: canned abalone is preferred for a soft, chewy texture
whereas raw meat is known for its firm, crisp texture. Therefore the attributes of quality differ depending
on the nature and intended end use of the final product. (Brown et al 2008). Robertson-Andersson (2007)
and Smit et al (2007) found that abalone (H. midae) fed an Ulva sp. only diet had poor taste and smell due
to high levels of DMSP in the canned abalone. In addition, Marifeed has shown that kelp-fed abalone
have a lower canned yield compared to Abfeed-fed abalone (Hatting 2006).The DMSP was
bioaccumulated by the abalone and the concentrations found in the can were 1000 times higher than
human detection. This meant that the product was unable to be sold in its canned form. They were able
to show that a finishing diet could rid the abalone of this effect. Robertson-Andersson (2007) and Smit et
al (in press) tested the effects of diets on abalone taste in the raw product and found that diet had an
influence on the perception of taste, and that this perception changed with different target groups. In
some instances fresh abalone product fed seaweed was preferred to that of artificial fed abalone. Thus the
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diet of abalone will ultimately influence the final product quality and taste trials should be considered
when doing diet research.
In a study of lipids in juvenile abalone H. laevigata, Dunstan et al. (1996) found animals fed on artificial
diets contained approximately double the lipid than animals fed on macroalgae, and observed differences
in fatty acid and sterol compositions that were related to the profiles in diets. Though levels still remained
low (i.e., 1.45 % of DW) compared with other seafood products, lipids are an important factor
contributing to the flavor and odor of seafood (Lindsay 1988). Hence artificial feeds incorporating fish
oils may give cultured abalone a "fishier" flavor than those fed diets containing vegetable oils, and,
potentially, lead to a subtle change in texture (Dunstan et al. 1996). For this reason, Dunstan et al. (1996)
suggested that it may be beneficial to feed cultured abalone on macroalgae for some period immediately
prior to harvest to ensure market acceptability and to maintain product quality.
Meat and shell color may be influenced or indeed manipulated by diet. Cultured H. iris fed on diets
containing algae had a distinct darkening of the foot, compared with individuals that were fed a pelleted
diet (Allen et al. 2006). Changes in the banding and coloration of wild abalone shells seemed to be mainly
associated with seasonal diet shifts in macroalgae and their associated pigments (Olsen 1968), and this is
readily observed on farms (see cover plate). In culture, juvenile H. asinina fed formulated diets produced
shells with light-blue green colour, whereas those fed natural algal diets produced brownish shells
(Bautista-Teruel & Millamena 1999). Shells of the red abalone H. rufescens turned red after feeding on diets
containing red algae (T. S. Suskiewicz, Moss Landing Marine Laboratory., unpubl, observ.), a
characteristic which is preferred by the Asian markets.
1.1.1.8 Water stability
One of the most important requirements of artificial diets for a slow aquatic feeder like the abalone, is
that the feed should remain stable and that loss of water-soluble nutrients is minimized for at least two
days under water. Achievement of this high level of water stability is so crucial to the development of a
successful abalone feed that information on binders, and factors influencing the properties of binders
including processing techniques, appear to be the most guarded, and are often patented (Fleming et al.
1996; Sales 2004)). The most common forms of binder include starches, gluten or alginates typically in
dry diets (Fleming et al., 1996). Starch plays a major role as both an energy source and a binder in many
commercial abalone feeds.
Water stability in aquatic feeds can be improved by fine grinding feed ingredients. This is a timeconsuming feed processing step which could account for up to 60% of feed production cost (Sorenson &
Phillips, 1992). According to Sales & Britz (2002) reducing soybean meal particle size to 150-450 μm
increased stability as well as increasing apparent digestibility in H. midae in comparison with a particle size
above 450 μm. However, sieving ingredients to a particle size less than 150 μm in compound abalone
diets did not yield an additional benefit in terms of dry matter loss or apparent digestibility compared with
an ingredient particle size of 150 - 450 μm
Abalone, unlike fish, are grazers and therefore slow feeders, rasping at the feed source. This facilitates
leaching of nutrients from artificial feeds and loss of feed through time in the water. Coote (1998) showed
that leaching of essential amino acids over 24 hours ranged from 26 – 54 %. This implies reduced feed
efficiency, increased costs with regular feeding and/or regular cleaning of tanks, reduced value for cost
and feed or reduced water quality (see below). Fresh seaweeds remain alive in sufficiently lit cultivation
systems and therefore leaching and loss of feed can be avoided to a degree. In addition, build up of
uneaten product will not affect water quality and feeding regimes can be less regular and therefore
potentially less costly.
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1.1.1.9 Adverse Impact on the environment and water quality
Some papers describe diets that have poor water stability so that the diet, at best, has certain nutritional
components which may leach out, and at worst, just fall apart. Clearly, if this happens not only is
nutrition (and growth) reduced but water quality may also be impacted. This could be in the form of
reduced dissolved oxygen levels, or by feeding other opportunistic „problem‟ species. Either water quality
problem could reduce growth rates or increase mortality. This threat is not always apparent from
laboratory scale experiments where abalone are held in very low stocking density and uneaten food is
carefully removed every day; i.e. not representative of a commercial set-up. In the Guzman & Viana
(1998) study, good growth rates of 2.2 mm/month was obtained with an ensilaged abalone viscera diet
that had a poor water stability with a loss of 24 % dry mass on average in a 12 hr period. The same
experiment with abalone in a higher commercial stocking density and feeding regime would no doubt
have been somewhat different.
Bissett et al (1998) showed that artificial diets supported a significant level of microbial and protozoan
growth after 2 days immersion which affected the physical form of the diet and gave rise to a degree of
breakdown although they concluded that there was no great decrease in the overall nutritional content.
However, this does demonstrate that artificial feed will support fouling and potential harmful organisms.
Chalmers (2002), Robertson-Andersson (2007), Flodin (2005) and Hansen (2005) showed that artificial
diets increased the bacteria, mesofauna, and parasites on H. midae in formulated feed vs. kelp fed systems.
There is little information on the utilisation rate of abalone feeds and the potential for seabed enrichment
by uneaten feed. Flores-Aguilar et al (2007), describes the current status of abalone culture in Chile which
is primarily based on sea culture using seaweed. Although some land based farms in the north use
artificial feeds, offshore farms are reported not to use these feeds as they then are classed as „intensive‟
farms and therefore need to be separated from neighbouring concessions by at least 2.8 km. The high
incidence of salmon farms in the area therefore limits the availability of suitable locations where these
feeds can be used.
Leaching and uneaten feed are environmental nutrient impacts that are associated with manufactured
feeds (30% of P leached from 1 feed, and 40-50% of feed ended up as waste remineralising as nutrient
input (Ho, 2006)). Maximum nutrient levels exported from a 20ton land based farm in Tasmania were
found to deliver 1000g N and 280g P to the local environment per day (30 % of this is particulate organic
matter POM)). This impact resulted in a 10-50 fold increase in nutrient scavenging seaweeds up to 50m in
range from three farms, however subtidal seaweed assemblages did not change. Point source nutrient
discharge favoured Ulva sp., Gelidium, Colpomenia, Enteromorpha, Porphyra and decreased the abundance of
kelps (Homosira banksii, Sargassum, Durvillea potatorum). Therefore, the cultivation of scavenging seaweeds
through the re-use of nutrient for abalone feed is regarded as a form of environmental management that
can also provide reduced feed costs for the farms (IMTA or integrated multi-trophic aquaculture). In
seabased cultivation the impact of seaweed based diets will be lower than for artificial feeds, particularly if
seaweed is cultivated in proximity to the cultivation sites; a situation which is essentially a redistribution of
nutrients rather than a net input of nutrients into a marine system.
1.1.1.10 Palatability of feed
Feed stimulants, such as algae and seaweeds, are added to the diet to enhance food intake and growth rate
(Fleming et al. 1996). If given a choice of diets, abalone will actively seek out and consume the diets that
contain the preferred attractants (Dunstan et al., 1996). The feeding stimulant activity of algal
glycerolipids for the abalone Haliotis discus hannai was examined by Sakata et al. (1991).
Digalactosyldiacylglycerol (DGDG) showed strong activity in all test animals while 6sulfoquinovosyldiacylglycerol (SQDG) showed much less activity.
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1.1.1.11 Effects on sexual development
Lopez et al. (1998), Jackson et al. (2001) and Robertson-Andersson (2007) found that artificial diets
increases sexual maturity, compared to algal based diets, including the Australian species H. asinina. At
higher temperatures artificial diet increased shell deformations and brought on early sexual maturity with
very early gonad development on average at just 11 months in age. These findings also suggest that short
term increased growth rates may reflect rapid gonad development rather than muscle tissue, and that
longer term studies might show decreased overall growth. It has also been suggested that high lipd levels
in artificial feeds may be a trigger for early gonad development.
1.1.1.12 Shell deformation
Lopez et al. (1998) also showed a high rate of shell deformation (87 %) after just 4 months on a
commercial diet. This clearly suggests a nutritional deficiency in some area which could have a marked
negative impact on the possible commercial value of such a shellfish product.

1.2 Major Nutritional Requirements of Abalone
A study by Fleming et al. (1996) showed that the compositions of existing artificial diets are similar in
proximate composition (Table 1-1. Proximate composition (% dry matter) of commercial abalone diets in the
market.). However, the relative proportions of amino acids, fatty acids, ratios of dietary protein to energy,
percentage lipids and other minor nutrients and trace elements have all been shown to impact the growth
and performance of abalone as for any other animal. In addition, more complex and potentially functional
ingredients exist in the natural diet of seaweeds and have not yet been identified. Although the optimal
nutritional profiles of abalone feed, particularly across the different lifestages, are not yet understood as
well as for other livestock, a number of studies have identified the major nutritional requirement for
abalone and these are reviewed here.
Table 1-1. Proximate composition (% dry matter) of commercial abalone diets in the market.

Proximate

Range

Average

References

Crude protein

20 - 50 %

27 %

Coote et al. 2000

Carbohydrate

30 - 60 %

47 %

(Fleming et al. 1996)

Lipid

1.5 - 11 %

3.5 %

Crude Fibre

0- 3 %

ND

(Fleming et al. 1996); Coote 1998 (less than 6%
optimal)
(Fleming et al. 1996)

Minerals

5 – 10 %

8%

Uki & Watanabe, 1992

Moisture

ND

12%

(Fleming et al. 1996)

1.2.1 Protein:
Proteins have traditionally received the most attention in nutritional studies and this is true of abalone
feed research. This is because it is the principal dietary ingredient responsible for growth and is the most
expensive cost component in formulated feeds (Mai et al., 1995a; Fleming et al., 1996). Feed
formulations continually change in order to obtain the optimal dietary protein level for different species
i.e. the level at which maximal growth occurs with the minimum amount of dietary protein (Wilson,
2002). Abalone diet trials have traditionally been based on a growth response trial, where incremental
levels of a single test protein are added to a diet and the growth response is then measured, with little
consideration of dietary energy levels (Table 1-2)(Mai et al., 1995a; Britz, 1996a). An exception is a trial
where Coote (1998) determined that there was a dietary protein: dietary energy ratio optimum at 12.3 –
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17.9 g DP.MJDE-1. Coote suggested that relatively low protein and energy (lipid) diets promote fast
growth in H. laevigatam while excess energy suppresses growth.
Table 1-2. Optimal dietary protein for juvenile (0.2 – 4.9 g live weight, using casein or fish meal as a protein

source (Sales 2004).
Species
H. discus hannai
H. kamtschatkana
H. laevigata
H. midae
H. tuberculata

Optimum dietary level (%)
35
30
17 - 27.0
20 - 36
32

Reference
Mai et al. 1995a
Taylor 1997
Coote et al. 2000
Sales et al. 2003a
Hattingh, 2006
Mai et al. 1995a

In most studies, digestibility, amino acid profile and energy levels of the test ingredients as well as of the
test diet were often not considered and resulted in recommendations of relatively high crude protein
content. Trials such as these are considered by the animal industry to be an unsuitable method of
meeting the protein requirement of animals (Fleming et al. 1996). The main reasons for this are:
the response almost invariably diminishes as dietary protein is increased, without a clearly
defined point at which the maximum response is reached.
the response to dietary protein is known to depend on a number of factors. The major factors
affecting protein utilisation are its digestibility, the balance of its amino acids and their
availability, the amount of protein supplied and the amount of energy supplied. For example,
Coote (1998) found that the optimal lysine requirement of H. laevigata was 3.9% of crude
protein and from this work a more balanced amino acid profile can be determined with further
feeding trials. Seaweeds may have an important role in this way.
deficiencies in one or more of these factors may lead to an overestimation of optimal dietary
protein levels (Wilson, 2002), hence some contradiction in the literature about simple optimum
protein levels ranging from 18 to 25% crude protein content.
other factors that affect protein utilisation are size, sex, genotype and climatic environment
(ARC 1981).
provision of dietary protein from a single source is likely to lead to an overestimation of dietary
protein requirements (Mai et al., 1995a; Coote et al., 2000).
A clear example of this is how the protein levels of feeds have been decreasing in the last 15 years. Initial
values were around 40 % (Mai et al., 1995a) but some feeds on the market today contain only 20 %
protein (Jones & Britz 2006), while still maintaining growth rates. Shipton & Britz (2001b) found that
there are differences in the nutritional requirements of the South African abalone of different sizes. Fish
protein requirements also decrease with an increase in age and size (Wilson, 2002). It is not certain
whether this relationship holds true for all abalone.
Many aquaculture feed industries use fishmeal extensively in their diets as it not only supplies protein, but
is palatable to many cultured animals, and is a good source of energy and essential fatty acids (especially
the n-3 polyunsaturated fatty acids) and many essential minerals (especially phosphorus and vitamins)
(Lovell 1992). Consequently, fishmeal is currently in high demand worldwide (Evans and Langdon 2000),
with close to 12 % of the world‟s 6.5 million metric tons of fishmeal being used for aquaculture feeds
(Rumsey 1993) including some abalone feeds. If current trends continue, about 20 – 25 % of total world
fishmeal production could be used for aquaculture by the year 2000. As the stocks that supply fishmeal
appear to be in worldwide decline (projected to be about 5 % by the year 2000), fishmeal costs can be
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expected to increase dramatically. It should be noted that diets containing high levels of fishmeal (>20 %)
are detrimental to the general environment as they contain high levels of phosphorus (Rumsey, 1993).
In Australia, wheat protein has been commonly used as a protein source, however wheat proteins are
often limiting in lysine, an amino acid important for abalone growth (Coote, 1998). Defatted soyflour is
considered a more nutritionally and economically suitable ingredient.
Efforts to optimise the dietary protein content of formulated feeds are not focused exclusively on the
potential economic benefits but also to improvements on factors such as culture environment water
quality and animal health. The use of high protein diets has been associated with outbreaks of the sabellid
worm Terebrasabella heterouncinata on abalone farms (Simon et al., 2004). In addition to this, abalone fed
high protein diets and exposed to additional stressors such as handling or elevated water temperatures
have been found to be susceptible to “bloat”. This is a condition which is believed to be caused by the
proliferation of gut bacteria which leads to the fermentation of the gut contents and the accumulation of
gas in the digestive tract (Macey & Coyne, 2005; Godoy et al., 2006). Optimisation of dietary protein to
energy ratios may lead to economic savings as well as reductions in water quality complications associated
with formulated feeds.
Recent trends in abalone nutritional studies have focused on the identification of alternative dietary
protein sources as well as reductions in the protein portion of formulated feeds. Identification of
alternative dietary protein sources have been undertaken for Haliotis fulgens (Guzman and Viana, 1998),
Haliotis midae (Shipton &Britz, 2001a), Haliotis asinina (Bautista-Teruel et al., 2003) and Haliotis discus hannai
(Cho et al., 2008). Shipton and Britz (2001a) found that fishmeal could be replaced with up to 30 % of
sunflower meal, soya or torula yeast without significantly affecting the growth of H. midae. Reductions in
the protein portion of formulated feeds for abalone have been demonstrated for species including: H.
asinina (Bautista-Teruel & Millamena, 1999), H. laevigata (Coote et al., 2000), H. midae (Sales et al., 2003
Jones & Britz, 2006). These reductions have been achieved through the provision of sufficient levels of
dietary energy supplied from carbohydrates and balanced amino acid profiles. Green (2009) showed that
it was possible to reduce dietary protein from 34 to 20 % without negatively affecting growth through the
maintenance of dietary energy levels above 11.6 MJ.kg-1. Coote (1998) suggests that an optimal protein:
digestible energy is 14.1gDP.MJ-1DE. It is likely that further reductions in the protein portion of
formulated feeds may be possible through manipulation of dietary protein to energy ratios.
Dietary energy levels are vital as they ensure that sufficient energy is available for the energetic costs of
physical activity and maintenance, thus allowing the protein portion of the diet to be made available
exclusively for growth (Smith, 1989). Faster growth is generally considered to provide for increased foot
muscle:viscera and shell weight (Coote, 1998). The use of protein as an energy source should be avoided
not only due to the costs associated with protein, but also because it leads to the deamination of amino
acids and the excretion of excess ammonia, which can create water quality complications (Smith, 1989).
Therefore, beyond the requirements for essential amino acids for growth, the energetic requirements of
abalone should, as far as possible, be satisfied through the use of non-protein sources of energy.
Therefore crude protein content has to provide for the correct mix of essential amino acids, but not
exceed the requirements for growth and/or as an energy source. This identifies further the potential in
using seaweeds to improve the feeding efficiency of abalone as diverse seaweeds are rich in different
amino acids.
1.2.2 Carbohydrates
Carbohydrates and lipids serve as the potential energy sources for use in abalone feeds. Carbohydrates
have been found to be highly digestible by abalone and in the wild their natural diet consists of between
40–60% carbohydrates (Fleming et al. 1996). Carbohydrates are therefore the preferred energy source in
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abalone feeds (Mai et al., 1995b; Knauer et al., 1996; Monje and Viana, 1998; Gomez-Montes et al., 2003;
Thongrod et al., 2003; Durazo-Beltran et al. 2004; Montano-Vargas et al. 2005; Viana et al., 2007).
Carbohydrate makes up between 30 and 60% of a compound diet (Table 1-1). Cheap sources of
carbohydrates include wheat, corn flour, soybean meal, maize and rice starch. It is believed that too
much carbohydrate in the diet may lead to poor utilization of protein (Fleming et al. 1996).
Fleming et al. (1996) suggests that where the energy content of feeds exceeds that required for tissue
synthesis, the excess energy may be converted into glycogen in the foot, which may lead to enhanced
meat flavour, however Olaechea et al. (1993) suggest this can also be associated with increased toughness
of meat. However, excessive energy in the diet can lead to poor utilisation of the protein and may reduce
feed intake. It is likely that much of the energy in artificial diets is wasted and therefore a well balanced
energy : protein diet is optimal.
1.2.3 Lipids
Abalone have been found to have a limited ability to digest and utilise high levels of dietary lipid which is
reflective of the low lipid content of natural algal diets and the low levels of lipases present in the abalone
gut (Mercer et al., 1993; Mai et al., 1995b; Britz et al., 1996; Fleming et al., 1996; Knauer et al., 1996; Britz
& Hecht, 1997; Castanos, 1997; Coote, 1998; Durazo-Beltran et al., 2003; Thongrod et al., 2003;
Montano-Vargas et al., 2005; Garcia-Esquivel & Felbeck, 2006). Additionally, high levels of lipid have
been found to reduce the uptake of other nutrients in the diet (Van Barneveld et al., 1998). However,
previous research on lipid utilisation has not considered the relationship between dietary energy and
protein and it is possible that the ability of abalone to utilise lipids as a source of energy differs in the
presence of varying levels of dietary protein. Formulated abalone diets from around the world contain a
wide range of total lipid content (2 – 11 % wet wt), but in most cases the total lipid content is less than
5% of the diet (Dunstan et al. 1999). In these diets, a large variation in fatty acid composition was evident,
particularly for the fatty acids 18:2w6 and 22:6w3. High lipid level diets and those that contain fish/
animal products are not recommended.
Bautista-Teruel & Millamena (2000) studied a range of diets for H. asinina with total lipid levels varying
from 2.2 % - 10.7 %. The study found that the best growth rates were obtained with a total lipid content
of 4.69 % (1:1 ratio of a tuna fish oil: soybean oil) and suggested that it may be used as a basal diet for
abalone juveniles. Indeed a number of the artificial diets have ~5 % total lipid. This is supported by
Coote (1998) who found that H. laevigata growth rate reduced at 6-9% lipid as fish oil. However, the
Fleming et al (1996) review, whilst showing that a number of abalone feeds did have a lipid content of ~5
% also pointed out that abalone appeared to have a very high lipid absorption efficiency and that the best
Japanese diets had a very low lipid content.
Dunstan, et al. (1996) compared the fatty acid and sterol content of H. laevigata and H. rubra abalone
reared on artificial diet compared to those of wild caught animals and found that the captive animals
exhibited enhanced levels of both fatty acids and sterols in the foot.
Green (2009) found that high levels of dietary lipid negatively affected the growth, condition factor and
soft tissue glycogen content of two size classes of abalone tested. This negative effect was greater in the
30 mm size class compared to the 60 mm abalone. High dietary lipid levels did appear to promote gonad
maturation.
1.2.4 Fibre
Abalone have a limited ability to digest fibre, despite the presence of cellulases in the gut. Some artificial
diets contain fibre for binding purposes with the level as high as 6% of the dry weight (Fleming et al.,
1996). Maguire et al. (1997) used graded levels of ground rice husks as a source of fibre (approximately 0,
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7.5 or 15 % of diet on a dry matter basis) in an experiment on greenlip abalone in Tasmania. No
significant differences (P> 0.05) in growth rate to diet were found.
1.2.4.1 Vitamins and minerals
The current practice is to use mineral and vitamin premixes in abalone diets based on the requirements of
fish (Uki et al. 1985). These mixes are usually identified simply as a vitamin mix, however a range of
studies have addressed the requirements and interactions of specific vitamins and these can be found in
the literature (e.g. Vitamins A&D in Wang 2007). Dietary calcium supplementation appears to be
unnecessary in abalone, in accordance with the well-known fact that aquatic species are able to absorb
calcium directly from the surrounding water (Coote et al. 1996).
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Table 1-3. Specific Growth Rates (%day-1) provided or calculated from 130 dietary trials from 38 feeding studies across 11 abalone species in peer reviewed and un-published literature
sources. Shell length was used to calculate the SGR=(ln (l2/l1))/t2-t1 as most studies measured growth rates in this way. * weight converted to length following a wet weight
(ww)(g):length(mm) ratio of 4.25 (Tosh, 2007), **data recalculated to use shell length, ***SGR calculated from weight and comparable relative to other studies as the dietary trials
consisted of both algal, mixed and artificial feeds. Food conversion ratios given where provided in studies, however these are not comparable as they include the full range of dry
weight to wet weight feeds.
Reference

Coote, 1998

Species

H. laevigata

Clarke, pers.comment unpub. SARDI report

Daume, 2007

Taylor & Tsvetnenko 2004

unpublished

Cropp 1989
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H. rubra

Size at
start
(mm or as
ind.)

Diet

20

Artificial diets (see table)

20

Artificial diets (see table)

Duration

Growth Rate

FCR

Size at end

(day)

(mm/month)

(feed:abalone)

(mm or as ind.)

Feed

SGR
(%day-1)

59

0.77

1.4

21.51

A

0.12

59

1.26

2

22.48

A

0.20

5

single red

365

27.70

R

0.47

5

mixed algae

365

58.00

M

0.67

5.95

Artificial diet

161

12.68

0.47

5.95

Ulva mix (Ulvella + Navicula)

161

16.41

A
G
(mix)

5.95

Ulvella + Navicula (diatoms)

161

12.89

M

0.48

5.95

Ulvella + Navicula (diatoms)

161

10.80

M

0.37

21.7

Ulva rigida (protein enhanced)

32

23.13

G

0.20

21.7

Ulva rigida (protein enhanced)

32

22.91

G

0.17

21.7

Ulva rigida (protein enhanced)

32

22.99

G

0.18

21.7

Ulva rigida (protein enhanced)

32

23.13

G

0.20

21.7

0.63

Artificial diet

32

23.73

A

0.28

23.13

Ulva rigida (protein enhanced)

32

24.12

G

0.13

22.91

Ulva rigida (protein enhanced)

32

23.73

G

0.11

22.99

Ulva rigida (protein enhanced)

32

23.92

G

0.13

23.13

Ulva rigida (protein enhanced)

32

24.50

G

0.18

23.73

Artificial diets

32

25.95

A

0.28
0.13

5

single red

365

7.90

R

5

M

mixed algae

365

18.00

23.5

Gelidium glandulaefolium

160

30.50

R

0.35
0.16

23.5

Plocamium angustum

160

27.50

R

0.10

23.5

Jeannerettia lobata

160

26.00

R

0.06

Reference

Species

Size at
start

Duration

Growth Rate

FCR

Size at end

Feed

SGR

23.5

Macrocystis pyrifera

160

25.00

B

0.04

23.5

Corralina officianalis

160

24.00

R

0.01

13

G. tenuistipitata

184

2.1

3.3

25.88

R

0.37

13

G. fisheri

184

1.44

7.4

21.83

R

0.28

13

G. salicornia

184

1.77

15.5

23.86

R

0.33

13

Acanthophora spicifera

184

1.86

5.7

24.41

R

0.34

Bautista – Teruelet al. 1999

13

Formulated diets

90

7.2

1.4 – 1.8

34.60

A

1.09

Kruatrachue et al 2000

13

Casein + G. tenuistipitata

140

1.08

27.5

18.04

AR

0.23

13

Casein + G. fisheti

140

1.08

29.8

18.04

AR

0.23

13

Casein + G. salicornia

140

0.87

19.2

17.06

AR

0.19

15

G. heteroclada

90

5.79

32.37

R

0.85

15

Kappaphycus alvarezii

90

1.77

20.31

R

0.34

Uptham et al 1998

H. asinine

Capinpin & Corre 1996

15

Artificial diet(32 % protein)

90

5.76

32.28

A

0.85

Capinpin et al 1999

15

G. bailinae

90

4.92

29.76

R

0.76

Jackson et al 2001
Singhagraiwan
1996b

18

Artificial diets

168

1.62

1.4 – 1.8

27.07

A

0.24

28

Gracilaria salicornia

120

1.53

20.4

34.12

R

0.16

Kunavongdate et al 1995

31

G. fisheri

120

0.63

29.5

33.52

R

0.07

31

120

2.94

18

42.76

R

0.27

5.45

Laurencia sp.
Soybean meal-based (30 %
protein)

90

2.01

4

11.48

A

0.83

5.45

Casein - based (30 % protein)

90

2.88

1.5

14.09

A

1.06

5.45

Fishmeal - based (30 % protein)

90

2.04

6.1

11.57

A

0.84

5.45

Rice bran-based (30 % protein)

90

1.47

6.4

9.86

A

0.66

5.45

Acanthophora sp.

90

2.91

3.33

14.18

R

1.06

1.3

20.32

A

0.41

Sangpradub 2004

Moss 1997
Boarder & Shpigel
2001
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H. australis

4.5

Artificial diet

365

31.9

Artificial diet

90

36.18

A

0.14

31.9

Artificial diet

90

36.84

A

0.16

31.9

Ulva (protein enhanced)

90

36.35

G

0.15

H. roei

Reference

Nie et al 1986

Species

H. discus hannai

Corazani & Illanes 1998

Size at
start

Duration

A

0.13

31.9

Artificial diet

90

35.79

A

0.13

31.9

Artificial diet

90

35.22

A

0.11

31.9

Artificial diet

90

35.54

A

0.12

7

Artificial diet

70

4.05

16.45

A

1.22

13

Artificial diet

70

3.03

20.07

A

0.62

21

Artificial diet
Fish meal - based (32 %
protein)
Casein - based (4.8 - 43.1 %
protein)
Fish meal - based (5.6 - 43.1 %
protein)

270

1.86

37.74

A

0.22

40

2.22

26.96

A

0.29

50

1.75

33.92

A

0.18

50

1.2

33.00

A

0.13

40

3.99

39.32

A

0.36

40

3.18

38.24

A

0.29

34

Chen & Lee 1999

Viana et al 1993

H. fulgens

Serviere – Zaragoza et al 2001
H. midae
Knauer et al 1996
Shipton & Britz
2001
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SGR

35.86

34

H. diversicolor supertexta

Feed

90

31

Neori et al. 2000**

Size at end

Artificial diet

31

Uki et al 1985

FCR

31.9

24
Uki et al 1986b

Growth Rate

Casein - based (30 % protein)
Soybean meal - based (31 %
protein)

11.3

Ulva lactuca (protein enhanced)

374

2.00

5.16

36.20

G

0.31

44.2

Ulva lactuca (protein enhanced)

184

1.77

14.2

55.10

G

0.12

16.6

Ulva lactuca (protein enhanced)

224

1.20

8.26

33.70

G

0.32

26

Soybean - based (30 % protein)

33

4.1

30.51

A

0.48

26

Soybean - based (30 % protein)

395

1.65

47.73

A

0.15

13

90

2.94

21.82

A

0.58

13

Casein - based (44 % protein)
Fish meal - based (35 %
protein)

90

3.03

22.09

A

0.59

17

Artificial diet

106

1.26

21.45

A

0.22

7.9

Artificial diet (35.5 % protein)

30

1.77

9.67

A

0.67

3

10.6

Fish meal - based (34 % protein

180

2.49

1.09

25.54

A

0.49

10.6

Fish meal/torula yeast

180

2.73

1.25

26.98

A

0.52

10.6

Fish meal/soy meal

180

2.55

1.22

25.90

A

0.50

10.6

Fish meal/sunflower meal

180

2.61

1

26.26

A

0.50

10.6

Fish meal/Spirulina

180

2.76

1.03

27.16

A

0.52

Reference

Shipton 2000

Species

Size at
start

Duration

Size at end

Feed

SGR

Fish meal/corn gluten

180

2.1

1.02

23.20

AG

0.44

13.6

Fish meal
Fish meal - based (27 - 47 %
protein)

316

1.59

1.1

30.35

A

0.25

95

2.7

28.55

A

0.37

124

1.35

0.7

26.58

A

0.19

21

Casein - based (31 % protein)
Fish meal - based (29 %
protein)

124

1.95

0.8

29.06

A

0.26

35

Fish meal - based (24 % protein

142

2.5

0.9

46.83

A

0.21

20

Britz 1996b

21

44.2

Ecklonia

182.5

0.99

23.81

50.33

B

0.07

43.9

Laminaria

182.5

0.81

17.54

48.87

B

0.06

43.07

Porphyra

182.5

1.59

5.88

52.80

U

0.11

42.72

Ulva

182.5

0.45

38.46

45.48

A

0.03

43.72

Aeodes

182.5

0.72

19.61

48.14

G

0.05

43.67

Gracilaria

182.5

0.69

40.00

47.87

M

0.05

42.99

Ecklonia + Laminaria

182.5

0.9

48.54

M

0.07

43.71

Ecklonia + Porphyra

182.5

1.14

50.73

M

0.08

43.61

Ecklonia + Ulva

182.5

1.05

50.02

M

0.08

43.56

Ecklonia + Aeodes

182.5

1.08

50.26

M

0.08

44.89

Ecklonia + Gracilaria
Ecklonia +
Porphyra/Ulva/Aedoes

182.5

0.81

49.84

M

0.06

182.5

1.11

50.99

M

0.08

13.7

Ecklonia

182.5

1.11

20.58

B

0.22

13.13

Lamiaria

182.5

1.2

20.56

B

0.25

12.78

Porphyra

182.5

2.22

26.33

U

0.40

12.04

Ulva

182.5

0.27

13.69

A

0.07

13.48

Aeodes

182.5

0.69

17.74

G

0.15

13.47

Gracilaria

182.5

0.45

16.20

M

0.10

12.59

Ecklonia + Laminaria

182.5

1.02

18.78

M

0.22

13.36

Ecklonia + Porphyra

182.5

1.65

23.55

M

0.31

13.43

Ecklonia + Ulva

182.5

1.38

21.89

M

0.27

44.19
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FCR

10.6

Britz 1996a

Britz & Hecht 1997
Simpson & Cook
1998

Growth Rate

Reference

Size at
start

Species

Duration

20.62

M

0.24

14.05

Ecklonia + Gracilaria
Ecklonia +
Porphyra/Ulva/Aedoes
E. maxima + G. gracilis + U.
lactuca (protein enhanced 33.4
- 36.6%)
Ecklonia maxima + epiphytes
(C. flacida)

182.5

1.29

21.98

M

0.25

182.5

1.53

23.08

M

0.29

270

2

52.60

M

0.15

270

1.83

49.94

M

0.14

34.76

rotation

270

1.76

50.34

M

0.14

34.45

Ecklonia maxima

270

2.07

49.24

B

0.13

34.75

Ecklonia maxima + Artificial

270

1.61

49.09

AM

0.13

34.04

Artificial

270

1.49

47.27

A

0.12

34.34

Ecklonia (Dried blade)

270

1.03

43.53

B

0.09

34.31

Ecklonia (Dried stipe)

270

1.06

42.82

B

0.08

34.58

Dried kelp pellets
E. maxima + G. gracilis + U.
lactuca (protein enhanced 33.4
- 36.6%)

270

1.58

42.36

B

0.08

270

27.78

M

0.47

270

23.61

M

0.41

7.22

rotation
Ecklonia maxima + epiphytes
(C. flacida)

270

23.15

M

0.43

7.61

Ecklonia maxima

270

22.81

B

0.41

7.92

Ecklonia maxima + Artificial

270

22.75

AM

0.39

7.45

Artificial

270

19.85

A

0.36

7.66

Ecklonia (Dried stipe)

270

14.31

B

0.23

7.65

Dried kelp pellets

270

13.39

B

0.21

7.61

Ecklonia (Dried blade)

270

13.32

B

0.21

7.83
7.72

(g)
***
(g)

***

(g)

***

(g)

***

(g)

***

(g)

***

(g)

***
Robertson-Anderson et al. *

63

Ecklonia maxima (7.8%)

547.5

1.42

88.92

B(d)

0.06

63

547.5

1.38

88.19

B(d)

0.06

105

3.57

15.70

A

1.51

1.35

33.15

A

0.17

61.00

M

0.08

17.38

A

1.61

Lopez et al 1998

3.2

Ecklonia maxima (7.8%)
Casein - based (36 %
protein)105

Corazani & Illanes 1998
H. tuberculata
Neori et al. 1998**

21

Artificial diet

270

45

Ulva + Gracilaria

365

anon.

3.2

Fish meal - based

105

H. rufescens
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SGR

1.2

(g)

***

Feed

182.5

33.8

(g)

Size at end

Ecklonia + Aeodes

34.7

***

FCR

13.27

13.69
Naidoo et al. 2006

Growth Rate

4.05

1.25

1.11

1.3 Commercially available diets for abalone
A review of some of the commercially available diets is provided below. Some background into
the production of abalone in each country is given. The main feed producers are mentioned and
where possible, feed formulations are presented. Growth rates and other relevant culture
information is discussed.
1.3.1 South Africa
South Africa has become the largest abalone producer outside Asia (FAO, 2005) and overexploitation of wild abalone stocks by poaching and high market prices have been the main
drivers for its cultivation. Access to relatively cheap labour, together with favourable coastal
water quality and infrastructure, also facilitated rapid growth of the abalone industry in South
Africa, and this expansion is set to continue (Troell et al 2006). South Africa became involved in
abalone farming in the 1990s, when initial work by Genade et al. (1988) showed that the South
African abalone (H. midae) could be successfully spawned and reared in captivity. Initial research
also indicated that growth rates in captivity were much faster than in the wild, and that food
conversion efficiency was such that sufficient quantities of kelp would be available to feed the
farm stock (Hahn, 1989b). The stage was therefore set for a rapid development of farming
activities. In 2009 South Africa farmed over 1200 mt of abalone (MCM data). Most of the
abalone farms are located in the Western Cape Province, but others exist as far north as Port
Nolloth (in the Northern Cape Province), and also in the Eastern Cape Province (despite the
absence of kelp beds) Most farms pump seawater into landbased tanks that are run in flowthrough mode, though recirculation technology is also used. Some farms have both hatchery and
on-growing facilities whilst others rely on purchasing juveniles from other hatcheries. It takes
about 4 years to grow an abalone from seed to market size (approx. 80 g). There are 22 permits
in existence (not all yet exporting) and a further 5 scheduled for development (AFASA, Terry
Bennett, personal communication; Troell et al. 2006). In addition, several farms are expanding
their production.
Feed costs account for around 15% of the operational costs on South African abalone farms
(Robertson-Andersson, 2007) and it is for this reason that the bulk of published research on H.
midae Linnaeus has focused on the nutritional requirements and digestive capabilities of this
animal (Sales and Britz 2001a). This was done in an effort to develop economically viable
formulated diets that contain a suitable balance of feed ingredients that are nutritionally available
to the animal in order to maximize growth rates (Sales and Britz 2001a). Abalone farmers in
South Africa currently make use of either cultured or harvested algal diets, formulated feeds or a
combination of the two (Cook 1998; Troell et al.. 2006). Kelp (Ecklonia maxima [Osbeck]
Papenfuss) and Abfeed® a formulated feed manufactured by Marifeed (Pty) Ltd. (Hermanus,
South Africa), constitute the two major feed sources used on South African abalone farms
(Naidoo et al., 2006; Troell et al., 2006). However, the maximum sustainable harvest of certain
kelp concession areas was reached in 2003 and thus the continued use of kelp as a feed source is
limited (Loubser personal comment 2005; Troell et al. 2006). Thus, further expansion of the
abalone culture industry has always been viewed as being reliant on the use of cultured algal or
formulated feeds (Britz et al.. 1994; Troell et al.. 2006).
1.3.1.1.1 Marifeed
Abfeed™ (produced by Marifeed Pty Ltd, South Africa) is a formulated feed containing mainly
fishmeal, soya bean meal, starch, vitamins and minerals. It previously contained Spirulina sp.
(Arthrospira sp.) but not anymore due to supply problems. Abfeed™ contains about 35 %
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protein, 43 % carbohydrates, 5 % fat, 1 % crude fibre, 6 % ash and 10 % moisture (Marifeed
Pty Ltd, personal communication).
Britz (1996a & b.) claimed lower mortality for juveniles as small as 3 mm fed on pellets at (2 – 5
% mortality) compared to diatom fed juveniles (4 – 8 % mortality). Britz et al (1994) reported
growth rates in H. midae of ~2.4mm/month - superior to natural weed diet which was attributed
to the higher protein content and with a good conversion ratio of 1.3:1 (article does not say if
this is a dry weight ratio). Dlazas (2006) comparative growth trials produced similar results to the
high growth obtained by the Abfeed diet (growth rate at 1.9 mm/month). Dlaza et al. (2007)
indicated that the artificial feeds based on animal protein such as Abfeed were superior to those
based on plant protein as it was more readily absorbed by the abalone. This contrasted with
Naidoo et al (2006) who also worked on the same species yet obtained a lower growth of 1.5
mm/month from the Abfeed diet and better growth (2 mm/month) on a mixed weed diet.
However, it should be noted that the mixed weed diet of kelp, Ulva and Gracilaria with the latter
two species were cultured in farm effluent.
Abfeed is claimed to have good water stability, as it becomes „rubbery‟ with a seaweed
consistency after absorbing seawater. This claim appears to be supported by the Boarder &
Shpigel (2001) which stated that Abfeed was more stable after 2 days than Adam and Amos and
Haliogro diets. Water stability is again reported as a central feature in Fitzgerald (2008) where it
is claimed that Abfeed needs to remain stable to allow consumption for up to 3 days after
feeding. However, Guzman & Viana (1998) studying H. fulgens, suggested that the Abfeed tough
rubbery structure reduced feeding rates relative to other softer artificial feeds giving a reduced
growth rate which averaged just 1.5mm/month.
Abfeed is reported to be under trial in Chile via a sister company Aquafarm within a number of
land based farms (Fitzgerald 2008). Researchers are looking at developing a „feeding plate‟ to
carry the food and to improve cost efficiency. This report also includes information from
Marifeed (the Abfeed manufacturers) who state that Abfeed includes finely chopped kelp to
attract abalone. The factory produces around 100 tons of feed a month. There are currently 3
available feed types namely Abfeed S34, Abfeed K26 and Abfeed.
ABFEED S34 contains 34 % protein, and is a high protein feed which can be fed to all sizes of
abalone. It can be fed in combination with K26, to abalone up to 60mm in length. The fish
meal component has partly been replaced by soya. This feed has been available since 1994 but
has been greatly improved compared to the original feed. Kelp can be added to the feed on
request.
ABFEED K26 contains 26 % protein. It was formulated following research at Rhodes
University which showed that H. midae larger than 60mm grew just as well on a diet containing 26
% at 18 °C (Jones & Britz 2006) and was launched in 2004. The optimal temperature for this
feed is above 16 °C, however it can be successfully used in warmer water conditions, 20 °C+. It
contains kelp which also acts as a feed attractant. The lower protein levels improve water quality
through reduced ammonia production.
ABFEED K20 was developed as a lower protein feed that would have the benefits of an artificial
feed but that could be fed at higher temperatures (i.e. over 20 ºC) which are experienced on the
east coast of South Africa. The reason for this is that gut bacteria in the abalone proliferate at
higher temperatures and produce carbon dioxide gas, as a by-product of their metabolism. This
gas then causes the abalone stomach to bloat and the abalone then float to the surface of the
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water and die as they are unable to reattach to the substrate and therefore unable to feed. In
addition the bloated stomach often inverts through the abalones mouth, which also leads to
massive mortality. Marifeed trialled two low protein feeds that had only 20 and 22 % protein
(Abfeed® K20 and K22) (Hattingh 2006). The growth rates remain comparable to K26
(Hattingh, 2006), with a meat yield during processing on par with S34 and K26. This diet
performs best at higher temperatures for H. midae, i.e. above 18°C. It is also suitable for recirculation systems because of the low protein level. Abfeed K20 is now in production and
contains kelp (Ecklonia maxima). A feed trial was performed which looked at growth and canned
yield of lower protein feeds and they found that canned yield were superior to kelp only diets,
although low protein feeds did not perform as well as Abfeed® K26 (Hattingh 2006).
Green (2009) looked at decreasing the protein content even further, and tested feeds of 26, 20
and 18 % protein. This research was very interesting as it showed that protein content was not as
important as initially thought and rather that it was the availability of digestible energy in the feed
that was important. They further showed that digestible energy should be kept over 11.6 MJ.kg-1.
Abfeed comes in a number of pellet forms :
-

-

Weaning Chips (0.5 mm thick) and are used for weaning from diatoms in the S34
formulation
Weaning "Pellets" (2 x 3 mm) and are also used in weaning from diatoms by some
farmers in the S34 formulation
Standard "Pellets" (10 x 10 x 1.2 mm) which are used from early on-growing (10 mm) to
market size. These can be used in most systems and gives a good spread on the surface
areas and is available in all formulations - S34, K26 and K20
Long "Pellets" (10 x 40 x 1.2 mm) as some farms prefer a larger pellet as they feel this
reduces losses during feeding and is available in all formulations - S34, K26 and K20
Leaf "Pellets" (30 x 30 x 1.2 mm) which is becoming more and more popular in systems
where feed is more easily lost through holes in the grow-out containers and where
feeding takes place on a mesh surface, this is also available in all formulations - S34, K26
and K20.

At present Abfeed™ is only sold in South Africa, with small export quantities to Chile and New
Zealand. The products have been tested in Australia and Taiwan against other formulated feeds
(Marifeed Pty Ltd, personal communication).
Further research into Abfeed will seek to:
-

reduce protein levels without compromising growth, including a low protein diet for
stress periods
develop up to four diets to optimise growth at different stages in the growth cycle
include fresh kelp in Abfeed formulations
compare processing yields obtained with ABFEED-fed and kelp-fed abalone
trial the reduction of drip-loss of live abalone during transport through the addition of a
special component to the diet
develop a specialised weaning diet

1.3.1.1.2 Aquanutro
Aquanutro, is a South African feed company that produces both ornamental and food fish
products. They have feeds for Japanese Koi Carp, goldfish, aquarium fish, trout, tilapia, catfish,
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marron and crocodile. They are still developing an abalone feed in collaboration with the
University of Stellenbosch.
1.3.1.1.3 Taurus Chemicals Cape Kelp
The only commercially available all-seaweed feed in South Africa is a formulated dried feed called
“Midae Meal MM-1c” (Eric-Piet (Pty) Ltd, Luderitzbucht, Namibia) manufactured for Taurus
Chemicals Cape Kelp Products (Pty) Ltd. The ingredients are mainly Laminaria spp. and E.
maxima (stipes and fronds) but they also contain Graciliaria spp., Gelidium spp. (including the
epiphyte Gelidium vittatum, formerly known as Suhria vittata), Porphyra capensis and “agar-agar”. The
wet seaweed to dry pellet ratio is between 6 – 7:1 and protein content is around 18 % (Taurus
Products (Pty) Ltd, personal communication).
Feed trials were done by Dlaza et al. (2006) with comparisons against Adam and Amos and
Abfeed for H. midae. Growth rates were not good at 0.85mm/month which is comparable to the
dried kelp growth rate of 0.90mm/month quoted by Naidoo et al (2006). The animal protein
diets contained comparable levels of carbohydrate, fat, ash and protein. In contrast the seaweed
based diet contained significantly more ash and fibre but less carbohydrate and protein (19%).
Lipid levels were also significantly lower at 0.7% compared to fishmeal based diets with 2-4% to
3.3% fat. Dlaza et al. (2006) claimed that seaweed proteins were less readily absorbed than
animal based proteins.
1.3.2 Australia
Australian scientists and feed companies have developed extruded, dry abalone feeds largely
based on agricultural products (Fleming et al. 1996). The choice of feed type is influenced by the
growout system. These may exceed A$3/kg but food conversion is quite efficient, for example
1.3 kg of dry feed for each kg of wet biomass increase including shell (Vandepeer 2000).
1.3.2.1.1 Adam and Amos
Adam & Amos Abalone Foods (Adam & Amos) has been in production since 1995 and their
abalone feed comes in variety of grades and forms (crumb, pellets, sheets) (Figure 1-3). The feed
is available in the following sizes: crumbles, the 3mm chip can be used during the weaning stage
as well as the grow out stage, the 5mm to 7mm chips on some farms will be the largest feed size
used, as it will grow out the abalone species to its marketable size (30mm to 100mm) and the
12mm Chip and 20mm Chip are generally used by Sea Cage farms.
The web site (www.adamamos.com) provides a number of papers exhibiting the growth
performance of their products. There is no information regarding the proximate composition of
their feeds, however, Dlaza 2006 (Table 1-4) included a growth comparison of a number of
artificial feeds and seaweed combinations for H. midae. The company has tested their feeds on
H. laevigata, H. rubra and hybrids (tiger), H.roei , H. asinina, H. rufescens and H. discus hannai. The
company is also a supplier for New Zealand, Korea, USA, Ireland and Israel and trials are
currently underway in South Africa and Japan.
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Figure 1-3. A range of pellet feeds for different life stages of abalone from Adam and Amos.

Three Adam and Amos feeds in the Dlaza (2006) trial were included that yielded growth rates of
around 1.5 mm/month. This performance was enhanced when the artificial feed was fed in
conjunction with seaweed to provide a growth of 2mm/month. In the USA, Evans & Langdon
(2000) compared Adam & Amos feed with dulse (a red seaweed) for H. rufescens and obtained
maximum growth rates of 3.75 mm/month with a mean of 3.2 mm/month. This does not
appear to be significantly different from the combination feed (artificial and algal feed,) but was
higher than the dulse alone.
Ragg (1999) compared Adam and Amos feed against 3 other undisclosed feeds in New Zealand
on H. iris. Their feeds had a growth rate range of 1.8 – 3.1 mm/month. The FCR ranged form
0.64 to 2.43. Adam and Amos feeds out performed the three others tested however the stability
of one of the feeds trialled was deemed as being poor. In addition, Adam and Amos have
developed seasonal feeds which they claim overcomes summer bloating.
Higham et al (1998), trialled Adam and Amos feed on juvenile greenlip abalone H. laevigata in
Australia. The paper tested the effects of flow rate on growth. Growth rates ranged from 3.6 –
5.5 mm/month with the best occurring at a flow rate of 3 L/min.
Jackson (1998) tested the feeds on the tropical abalone H. asinina with a starting size of 15 – 25
mm. Three feeds were tested as well as a natural diet of Gracilaria spp. After five months of
experimentation, mortality rate was highest for Gracilaria (42%) and appreciably greater than for
the Adam and Amos diets which varied from 21, 17 and 8 % for the three diets. Over the same
period, percentage increase in shell length of the abalone was 151% for the Gracilaria treatment
compared to 153, 137 and 126% for the diets. Their feed was deemed superior to a single
species wild feed, however several of the abalone showed gonadal development on the
formulated feeds.
Boarder and Shpigel (2001) tested the comparative performances of juvenile H. roei fed on
enriched Ulva rigida and various artificial diets. Specific growth rate (SGR) for both shell length
and whole body weight indicated that growth of abalone fed enriched Ulva was not significantly
different to growth achieved from the best performing artificial diets. The reason for this result
was attributed to enrichment of wild U. rigida, algal protein content increased from 11.4 ± 2 %
(dry weight) to 32.2 ± 1.5 % following enrichment.
French comparative trials conducted in 2000 against Palmaria palmata and artificial diet showed
that the algal diet fed abalone (H. tuberculata) grew faster than those fed artificial diet (Basuyaux,
2000).
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Table 1-4. Proximate % analysis of 3 Adam and Amos feeds from Dlaza (2006) (AA = amino acids, CHO =
carbohydrates)
FEED

AA

Crude
protein

Fibre

Lipid

CHO

Moisture (%)

% Dry
matter

Total
energy

Adam & Amos b

7.8

28.8

2.1

3.2

60.2

8.35

91.65

17.23

Adam & Amos c

7.6

28.1

2.3

3.3

61

8.74

91.26

17.79

Adam & Amos a

7.8

34.2

1.8

2.3

55. 2

8.86

91.14

17.96

1.3.2.1.2 Eyre Peninsula Aquafeeds
This company is based in Australia and has developed a feed widely recognised and widely used
among land-based farmers in Australia. In Coote et al (2000) a study is described that aimed to
produce a feed with the same essential protein profile to that of the analysis of the abalone flesh.
It is important to consider that the amino acid profile of flesh does not necessarily reflect the
optimal profile in a diet however, but these are good first steps in identifying optimum amino
acid profiles which in turn will reduce total crude protein requirements and improve growth
rates. Growth trials at a range of concentrations indicated a protein digestibility of between 56 72 %. However, their paper describes work performed on the greenlip abalone (Haliotis laevigata)
with data from just 2 months of trials.

Figure 1-4. Eyre Peninsula Aquafeeds range of abalone pellets for different life stages.

1.3.2.1.3 Gulf feeds
Gulf Feeds produces a chip formulated with casein as the main protein source, though the exact
formulation of this diet is not available, a proximate composition is given (Table 1-5). Tyler
(2006) tested three diets, at 3 different temperatures (15, 18 and 22 ºC), on the energy budget of
one-year-old abalone H. tuberculata. The organisms were fed an experimental diet based on fish
meal, Gulf Feeds diet or fresh seaweed. Animals fed the formulated diets and cultured at 18ºC
and 22ºC showed better growth than those fed the natural seaweed diet. However, abalone
reared at 18 ºC and fed the Gulf feed diets used 94 % of the total energy consumed, with most of
this energy allocated to growth, respiration and reproduction. Individuals cultured at 22 ºC
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channelled 22 % less energy into growth and almost 2.5 times more energy into reproduction
than those cultured at 18 ºC.
Table 1-5. Proximate composition of Gulf feeds diet (Tyler 2006)

Proximate Composition
Dry matter
Crude protein
Total lipid
Ash
NFE + crude fiber (1)
GE (2) (cal [g.sup.-1])
Protein: energy ratio

98.8 + 0.19
33.1 + 0.31
11.5 + 0.07
13.5 + 0.09
41.9 + 0.26
4400 + 89
7.53

(1) Nitrogen free extract (NFE) + crude fiber = 100 - (% crude protein + % total lipid + % ash). (2) Gross energy.

A comparison of Adam & Amos and Gulf feeds by Lawrie (2000) showed that the Adam &
Amos feeds performed better in terms of growth rates and weight increases (13.3 g vs 7.6 g and
7.8 mm/month vs. 5.5 mm/month). Weight gain was not significantly different although shell
increase was significantly different. However, there was less mortality with the Gulf feeds,
although this was attributed to experimental issues.
1.3.3

New Zealand

1.3.3.1.1 E N Hutchenson
Haliogro is produced by a company called E N Hutchenson. Company technical data stated that
this product was ~30 % protein with a blend of protein sources of which 50 % was plant based
in origin. Growth rates were reputed to be good and 40% better than „another commercially
available abalone feed‟ and over 400 % more growth than the seaweed Gracilaria. However,
considering the NZ background of the company it is probable that the species tested was not H.
tuberculata. Comparative growth data with this diet on H. roei is available in Boarder &Shpigel
(2001) which ranked Haliogro behind that of Adam and Amos and Abfeed diets. This study also
suggested that the product was less water stable than Abfeed at test temperatures. There is
uncertainty of the current availability of this product.
1.3.3.1.2 Promak
„Makura‟ is an extruded casein based diet containing fish meal that was produced by a NZ
company called Promak. This diet was widely discussed in papers and seemed to produce good
growth rates. Makura was launched in 1993 after 6 years of development. Articles in Fish
Farming International appeared as early as April 1994 which claimed average growth rates for
several species at 2-3.5mm/month and a food conversion ratio of 2:1 (makura:abalone weight).
Water stability is also claimed to be good with a recommended feeding interval of 4 days at 18
ºC. The product came as 50 g strips, smaller squares or a fine powder considered suitable for 3
mm juveniles. New Zealand work on H. iris showed better growth on this diet than for fresh
weed (Fitzgerald, 2008). There is uncertainty of the current availability of this product.
1.3.3.1.3 Coast Biologicals
Preece & Mladenov (1999) fed abalone (H. iris) in cages diets produced by Coast Biologicals and
Makara. Abalone fed Coast Biologicals grew significantly faster than abalone in cages fed
Makara. Preece & Mladenov (1999) thought that the difference in growth produced by the two
diets may be related to improved food availability in cages throughout the feeding period.
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1.3.4 Chile
The Chilean abalone industry began in the 1970s, with red abalone (H. rufescens) introduced in
1977 (Viviani 1981, Godoy et al. 1992). Commercialization of the industry began in 1992, with
red abalone culture in the sea off Chiloe Island. The Japanese or ezo abalone (H. discus hannai)
was introduced in 1982 (Rivera 2001). Production figures for 2006 were 304 tons p.a with 25
companies involved. All farms in Chile use algae as the main food for growing out abalone. In
the North, three brown algal species, from the order Laminariales are collected or harvested for
abalone aquaculture. The species are Lessonia trabeculata, Lessonia nigrescens, and Macrocystis
integrifolia, with L. trabeculata being the most abundant. In the South cultured red algae Gracilaria
chilensis is used during winter (Flores-Aguilar et al 2007).
Artificial feeds are used in land-based operations in the North, both in nursery and in the growout operation (Flores-Aguilar et al 2007). At four land-based farms, abalone of all sizes received
a combination of artificial and kelp (M. integrifolia) diets (Flores-Aguilar et al 2007). No
manufactured diets are used on the in-water farms because of environmental regulations
restricting the siting of aquaculture operations using formulated feeds (Flores-Aguilar et al 2007).
Feeds are seen as a big constraint to the industry and there is agreement that research on feeds
(formulated, cultivated and wild harvested) is very important (Flores-Aguilar et al 2007). The
growth rates of abalone in central and Southern Chile is very similar to those reported in the
United States and Mexico, however in the North the average growth rate of 2.5 mm per month
for red abalone is higher than in these other countries. A higher average of the year round
temperature in the North seems to explain this higher growth rate (Flores-Aguilar et al 2007).
1.3.5 China
Six species of abalone are naturally distributed along the coast of China, H. discus hannai Ino, H.
diversicolor Reeve, H. asinina Linnaeus, H. ovina Gmelin, H. planata Sowery, H. var·i·Linnaeus, and
H. clathrata Reeve (Nie 1992). Abalone aquaculture has been dominated by Pacific abalone, H.
discus hannai Ino and the small tropical abalone, H. diversicolor Reeve. China is the world‟s largest
producer with over 300 abalone farms with production expected to produce over 26,000mt in
2007, excluding lower value species. Most production is consumed within China. Intensive
culture of H. d. hannai is distributed mainly in the northern China region, Liaoning and Shandong
Provinces with an annual production increasing from about 47 mt (1992) to 4500 mt (2003)
(Zhang et al. 2004). The small tropical abalone (H. diversicolor) is the dominant species with a total
production reaching 3878 mt produced in 2001 in Fujian, Guangdong and Hainan Provinces
(Zhang et al. 2004). The culture of H. asinina has drawn considerable attention in recent years.
Experimental production of abalone seed in Pacific abalone was conducted in 1977 (Chen et al.
1977) in China, and commercial seed production was accomplished in 1987 in Dalian, Liaoning.
From 1987 to 1992, abalone aquaculture in China grew steadily with most research focused on
the development of hatchery seed production techniques and grow-out modes. A series of key
techniques involving spawning, larval rearing, and juvenile and seed nursing were established.
Grow-out systems including culture in suspended longline cages, land-based tanks, intertidal
ponds, and tanks were also established (Suping, 2004). From 1992 to 1996, however, abalone
aquaculture suffered severely from disease in the northern provinces of China. Abnormal
mortality of cultured abalone seed, H. d. hannai, was first observed in 1992 (Zhang et al. 2004;
Zongqing & Suping 2004). The mortality problem became evident after 1994, when most
abalone hatcheries suffered severe loss of abalone seed or juveniles. From 80% to 90% mortality
has been reported. During this period, approximately 20% to 30% of 1-3-y-old cultured abalone
suffered abnormal death. Meanwhile, wild abalone stocks also suffered mass mortality.
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Therefore, output of abalone in northern China decreased considerably during 1996 to 1998
(Zhang et al. 2004; Zongqing and Suping, 2004).
There are at least 3 major grow-out methods being used widely for abalone culture. Land-based
tanks are a popular system, and the most intensive and sophisticated. The method is applicable to
both the cultured species. In southern China, this method had developed in Taiwan before 1994.
It has become the predominant culture method for the abalone culture industries in South China.
The major husbandry measures include adequate feeding, control of water flow, periodic
elimination of abalone waste, and adjustment of the culture density. Usually this grow-out system
has a high running cost, including cost for water pumping, heating, and aeration. For northern
China, this grow-out system is applied less than in southern areas. One of the most successful
facilities running this grow-out system is Xinda Products Co. located in Dalian, Liaoning,
retaining stable full production for many years.
The second cultivation form is in cages or barrels on suspended longlines. This system was
initially tried in north China in the late 1980s. For the southern coast, the first trial was conducted
in Shenzhen, Guangdong, in 1992. Relatively fast growth (8 – 13 months for grow out for H
dicersicolor on the south China coast) at lower costs could be obtained with this abalone grow-out
system. Therefore, this method has been widely adopted along the coast of China. Feeding with
macro-algae is usually conducted weekly usually 20 – 30 % of the total weight of the abalone
(Zhang et al. 2004).
The third form is culture in intertidal ponds. The seed of H. diversicolor is put into a cement tank,
diameter 120 cm and height 60 cm, wall thickness 5 cm, with a cover and a rack for the abalone
settlement. There are several poles in the cover, bottom, and wall for the water change between
the inner and outer parts of tank; 500 to 700 seeds of 2 cm shell length can be placed in each
tank. Tanks are set in the low intertidal or upper subtidal zone and fed with fresh algae once per
week or more according to the weather, and the amount is 20% to 30% of the total weight of
abalone in the tank. The grow-out of abalone usually takes an average of 7 months, varying from
5 to 11 too. This is a closed system and was first applied in Zhanjiang, Guangdong in 1993. From
the unprecedented success of this culture mode in 1997, an upsurge in popularity occurred
during 1998 to 2000. Since 2002, however, the practice has declined sharply due to abnormal
mortality from early seed to adult. One reason is that rapid development of abalone farming has
resulted in environmental disruption in coastal water and epidemic pathogens.
In northern China, intertidal farming emerged in 1998 when hybrid seeds were successfully
produced and the over-wintering problem solved. Some cement ponds have been built in the low
intertidal zone with an area 0.5-1.0 hectare, with stones placed in the pond for the settlement of
abalone. Ponds are about 1-2 m(s) depth depending on the position and the system of water
exchange. There is a net along the pond wall to prevent abalone escape. The seed size is 2.0-2.5
cm shell length and 15-20 individual/m2. The grow-out needs 16-20 months to reach the size for
market in Qingdao. Generally, this type of open system for abalone grow-out has been
developing quickly off the coast of Qingdao, Shandong. The ratio of marketable abalone
produced from this grow-out system has steadily increased in recent years. In 2003, production
of marketable abalone reached 2615 mt in the Qingdao area, accounting for over 58% of the
total yearly output in Shandong. Grow-out management includes periodic feeding on macroalgae and removal of dead bodies. One disadvantage of this open system in the intertidal zone is
that it impedes natural beach scenery.
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In addition to the above mentioned grow-out modes, abalone growth can also be enhanced by
grow out on the bottom of the subtidal zone. This has been used in a couple of coastal area, such
as the Changhai County in Dalian, Liaoning.
During the grow-out period, abalone are fed primarily on the macroalgae, Laminaria japonica,
Undaria pinnatifida or Ulva pertusa for H. d. hannai and Gracilaria tenuistioitata for H. diversicolor.
Additionally, Laminaria and other macroalgae are used partially for H. diversicolor. During
summer, following the completion of the kelp harvest, kelp supply could be in short supply for 23 months. Salted or cold-stored Laminaria substitutes for fresh kelp as the abalone food supply
during supply problems of fresh food. Both salted and cold-stored Laminaria should be processed
before use. Haliotis diversicolor’s growth rate when fed on dry or salted Laminaria is faster than
when fed on the fresh Gracilaria (Nie et al. 2000). Additionally Eucheuma gelatinae, raised in
Hainan, is also supplied for abalone food. Artificial feeds for the nursery stage are very popular
in China. There are powders and different sizes and the growth rates of abalone, fed on artificial
diets, are faster than the growth rates of those fed on algae (Nie et al. 1986, Nie et al. 2000).
1.3.6 Europe
The „ormer‟ (Haliotis tuberculata Linnaeus) occurs from the Senegal coast in the south to the
Cotentin peninsula of France in the north (Clavier, 2004). Flassch and Aveline (1984), Koike
(1978), Koike et al. (1979), and Cochard (1980) conducted the first technical studies of ormer
culture in France in the late 1970s and early 1980s. They developed techniques for rearing,
conditioning, and spawning (reviewed by Mgaya & Mercer, 1994). At that time, however, these
studies concluded that ormer culture was not economically viable due to its low market value (3 10 €/kg) and slow growth. Ormer culture has, therefore, not developed much in Europe. Ireland
and the Channel Islands (2 - 3 tons/year) are the only established producing countries today.
Ireland has introduced and acclimatized both H. tuberculata and H. discus hannai. Few studies have
been carried out so far to compare the performance of the two species. Cultivation attempts
have also been carried out in Scotland (Kelly & Owen 2002).
In France, culture techniques have been perfected more recently by the SMEL (Nicolas et al.
2002). Their recent work also included preparation of broodstock for reproduction (inversion of
photoperiod cycle for spawning during daytime and reduction of the conditioning cycle to 1 - 2
months), techniques for live transport, settlement induction using, stocking density, and
ammonia management in recirculation systems (Basuyaux & Mathieu 1999; Clavier, 2004). So far,
only one commercial hatchery has been established in the department of La Manche in 2002, and
it aims to produce small cocktail-size abalone to supply Parisian restaurants. One attempt at
grow-out farming in sea cages was also started near Paimpol in Brittany in 2002, but the farm was
stopped in its early development phase in 2003 for private reasons (Clavier 2004.).
The Irish abalone industry aims to achieve 13 tonnes of production by 2010 culminating in 84
tonnes by 2014 through the farm Tower Aqua based in West Cork. They cultivate the Haliotis
discus hannai (Japanese abalone). The main feeds are seaweeds grown in an IMTA system.
1.3.6.1.1 Skretting
„Halo‟ is a new feed introduced by the international feed company Skretting. The product data
sheet indicates that this feed is based on a combination of fish and plant protein sources. Growth
curves to market size are not available for the ormer and as such some growth trials would be
required before this feed could be relied upon to produce effective growth throughout the
culture period. Skrettings claim that this product is the first to be produced by an advanced
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extrusion process and should outperform other products. As yet there is little growth
performance information reported although a number of operators are trialling samples.
1.3.7 Thailand
The donkey's ear abalone, Haliotis asinina Linnaeus, a very promising commercial abalone in the
Southeast region, is a tropical species. It is distributed widely in coastal reef zones of Southeast
Asia. In Thailand, research into abalone culturing techniques began in the early 1990s
(Singhagraiwan 1989, Singhagraiwan & Doi 1993, Jarayabhand & Paphavasit 1996). Feeding,
growth, and survival (Singhagraiwan 1991a, 1991b, Singhagraiwan & Sasaki 1991, Singhagraiwan
1993, Kunavongdate et al. 1995, Upatham et al. 1998, Kruatrachue et al. 2000) have been
investigated for adult abalone, but very little work has been done on juvenile H. asinina.
Culture of H. asinina in Thailand is divided into two phases. The first phase is the culture of
newly settled spats on corrugated plastic plates coated with coralline algae until a shell length of
5-10 mm is attained. The second phase is the culture of juveniles on corrugated cement plates
with seaweed (Gracilaria sp., Acanthophora sp. and Ulva sp.) until they reach a marketable size (4050 mm in shell length) (Singhagraiwan & Doi 1993). Haliotis diversicolor is also farmed.
1.3.8 Philippine
The Philippine abalone known locally as “sabra-sobra”, “lapas” or “kapinan” or „donkey‟s ear
abalone (H. asinina) is considered the most commercially important species because of its bigger
size, faster growth, and developed hatching and culture technology than other abalone. Farming
is still land based although sea cage farming is increasing.
1.3.9 Korea
Farming of H. discus hannai in Korea has been developed since 1970, and aquaculture production
is currently increasing at a rapid rate. Total production in 2007 was over 4,000 metric tonnes. It
is likely to maintain this increasing trend in the production because of the decrease in wild
abalone captures due to overexploitation, water pollution, and other causes. In culturing H. discus
hannai, juvenile abalone are reared or cultured on plates until they grow up to about 5 mm shell
length and then on to marine macroalgae.
There is a wide diversity in culture techniques and this is a reflection of both the variety of
conditions in which abalone are raised and the relative infancy of the industry. Many farms are
still experimenting with methods and equipment, trying to find the perfect set-up to maximise
production and minimise costs. There are four main culture methods: land-based raceways or
circular tanks and sea-based culture in barrels and cages. Abalone are most often fed cultured
seaweeds.
1.3.10 USA
Farming in the USA is both land and seabased and produced over 200 tonnes in 2004,
representing just over one percent of world supply. U.S. production is expected to increase
gradually over the next decade, and Canada is looking to start farmed abalone production in
British Columbia. Big Island Abalone Company operates a 10-acre (40 tonne) land based
aquafarm located on Hawaii's Big Island on the Kona Coast, near the Kailua-Kona International
Airport and cultivates Haliotis discus hannai. There are currently 13 abalone farms on the coast of
California The farmed size is normally 75 to 100 mm and they are available live or processed.
The largest farm produces over 100 tons and the smaller less than 10 tonnes. Northern
Californian farms cultivate the California red abalone Haliotis rufescens. Monterey abalone
company operates a sea cage farm situated under a pier in Monterey Bay, California. Feed
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appears to be kelp, mostly Macrocystis, although there are small quantities of artificial feed being
used.
1.3.10.1.1 Integral Feeds, or Integral Fish Feeds.
They are located in the state of Colorado. They have produced small quantities of abalone feed
for special orders placed by growers. Typically, some growers have ordered feed in winters when
kelp has been unusually scarce.
1.3.10.1.2 Ziegler
Produced some abalone feed in the 1990's, but no longer seems to offer it.
1.3.10.1.3 Cayucos
The Abalone Farm in Cayucos has a machine which they can use to make feed for themselves.
1.3.10.1.4 Aqua-Fauna/Bio-Marine
Is an aquaculture supply company in California that has sold a product called Ab-Mac which
incorporates a proprietary single-celled product and a good binder that enables growers to
produce small (expensive) quantities of feed that could be used to deliver medication, etc.
(Monterey Abalone Farm pers com).
1.3.11 Taiwan
Taiwan currently has over 400 farms (many are small family run operations). Total production in
2007 was over 4,000 tons, including lower value species. Most production is consumed in
Taiwan.
1.3.12 Japan
Farming of abalone began in the late 1950's and early 1960's in Japan. In Japan, Ezoawabi
(abalone) is found mainly in the north of Ibaraki Prefecture and Kuroawabi in the south of Chiba
Prefecture. They have been cultivated in Oita since around 1988. Japanese coastal seas are not
ideal for abalone cultivation because they are too cold in north in winter and too warm in south
in summer. Moreover, Japanese production of abalone fry is often aimed at reseeding or
intermediate growth, and thus has many major seed farming operations (Haliotis discus hanai in
cold waters and H. discus in warmer waters), most of which are involved in ocean enhancement,
totals of which are included under Fisheries. Thirty to 40 million seeds are planted annually.
Almost all Japanese abalone farming consists of ocean bottom growing from farmed seeds and
fed on seaweeds.
1.3.12.1.1 Oita Bureau of Fishery & Japan Agriculture Industry
Cosmo Ocean Pasture is manufactured by Oita Bureau of Fishery and Japan Agriculture Industry
is provided by Shizuoka Prefecture Fishery Institute. Yasuda et al (2004) analysed both feeds
(Table 1-6). Japan Agriculture Industry started marketing the abalone food in 1977 and sold
approximately 300 tons of feed in 1993. Yasuda et al (2004) reported that the Japan Agriculture
Industry feed is superior in FCR and growth rates compared to abalone food from Deakin
University (Australia) in tests with blacklip Haliotis rubra. Yasuda et al (1994) found that Japan
Agriculture Industry feeds showed clearly higher FCR and growth rates than those of ADAM &
AMOS and Cosmo Ocean Pasture.
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Table 1-6. Analysis of Cosmo Ocean Pasture and Japan Agriculture Industry feeds (Yasuda et al. 2004)

Composition
Water
Protein
Fat
Fibre
Ash
Dissolve non-nitrogen

COP [%]
12.8
32.0 (36.7)
5.8 (6.6)
2.6 (3.0)
19.7 (22.6)
27.1 (31.1)

JAI
12.4
31.3 (35.8)
4.4 (5.0)
2.2 (2.5)
17.7 (20.2)
32.0 (36.5)

1.4 New Feeds
Although not strictly artificial feeds, other non-seaweed feed options also include the use of
terrestrial crops for fodder. Although lettuce has long been anecdotally suggested as an
alternative food source for abalone, Fish Farming International (2007) states that testing is
underway in Chile to explore these options on a commercial basis. Although the analogy of
cattle grazing on beet crops instead of grass could be applied, it is uncertain at this stage how
viable this approach will be for abalone. Aside from nutritional issues, feed presentation may
prove difficult as many terrestrial crops float making food capture by abalone problematic.
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1.5 Conclusions
Currently it is difficult to provide conclusive recommendations on the benefits of seaweed
inclusion in abalone diets as the findings of studies are rarely directly comparable and often
appear contradictory. However, this is a result of the complexity of feeding trials and the number
of external variables that also affect the growth and health of abalone in cultivation (Figure 1-5).
However the above review demonstrates that there is room and good potential for improvement
of the cultivated abalone feeds, particularly in the later stages of grow out in sea based systems
and with the application of culativated seaweeds. Indeed, many of the large scale producing
nations of cultivated abalone rely to a large extent on seaweed as a component of the abalone
diet, and potential additional costs of feed production can be counteracted with reduced labour
and less regular feeding in sea based systems. In addition, although brown seaweeds may be a
poor choice for early stage abalone diets, the later stages of grow out in sea based cages may be
equally efficient from a feed and growth perspective.

abalone
species

feeding trial
conditions

feed
compositon

seaweed
species

abalone
lifestage

Figure 1-5. Parameters that vary and strongly affect the outcome and comparability of feeding studies in the
published literature.
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The findings emphasize the need to consider future studies that might include
-

direct and extensive comparison between artificial diets and well nutritionally designed
seaweed diets
assessment across a broader size range of abalone
seaweed cultivation or other reliable source of nutritionally valuable species
measuring the feeding rates and suitability of seaweeds in cage culture
developing artificial feeds with reduced leaching and increased seaweed content for
targeted health and feeding benefits, determining the optimal cage culture system for
seaweed based diets (eg. light source and depth of cages is important), feeding trials with
hybrid and domesticated abalone species, and standardised husbandry, temperature and
other external condition variables.

Some benefits of seaweed as a feed source may include reduced leaching (esp. fresh seaweeds),
better representation of essential nutrients from the natural diet, improved health (reduced
mortality), improved feeding behaviour, reduced reliance of a marine primary industry on
valuable terrestrial crop production systems and, with the right system, provide for reduced cost
of production of feed or more cost efficient use of feeds during certain stages of the growout.
Cultivation of seaweed may address previous limitations in supply of seaweed in Australia and
provide for the inclusion of seaweed in cultivated abalone diets.
A large amount of research (Dlaza 2006; Dlaza and Maneveldt 2007) shows that feed fortification
with seaweeds, both cultivated and natural, are still having a significant benefits on abalone
growth at a variety of temperatures. This indicates that although the protein content and energy
ratios may be correct there is still some limiting nutrient that is present in seaweeds and not in
compound feeds at present. This is a possible reason for Abfeed ® increasing the proportion of
kelp in their compound feed. Beyond simply enhancing growth rates, the diet is related to yield
and water loss following transport (Vosloo & Vosloo 2006; Hatting 2006) and taste (Smit et al.
2007).
There also appears to be a difference in growth rates when abalones are fed nutrient enriched
seaweeds vs. wild harvested. There is a large amount of research in South Africa (See RobertsonAndersson, 2007) which shows that cultivated seaweeds produce better abalone growth rates
than their wild harvested counterparts. This is also being illustrated elsewhere where nutrient
enriched seaweeds produced comparable abalone growth rates to formulated feeds, and some
feeding trials are underway on selecting and enhancing the nutritional profile of seaweeds for
abalone diets.
In conclusion, current research implies that abalone feeds are still under development with
further potential to improve growth rate, health and quality of abalone. Formulated feeds offer
convenience and cost benefits to farm management (Britz et al., 1994); generally however, it
appears that mixed diets with seaweed (preferable cultivated) for fortification is most suitable for
grow out to 40mm, seaweed and kelp based diets that are economically efficient might be suited
to the final year of grow out, followed by a finishing diet for taste and transport quality of the
product. Any diet that is to be used on a farm must outperform natural diets, not only in growth
but in cost and quality aspects as well (Fleming et al.. 1996).

A good feed should have the following attributes:
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reliability of supply and quality
convenience and ease of application
balanced nutritional composition for health and survivorship
provide optimal growth rates, by meeting nutritional requirements ( i.e. carbohydrate,
proteins and amino and fatty acid ratios, amino acid and fatty acid profiles)
have efficient cost : growth ratios rather than simple food conversion ratios
be digestible
have optimum particle size and feeding methods
be attractive to abalone
ease of storage and transportation
In conclusion, it is suggested that a series of transitional diets to suit the life stage of the abalone
and stage of cultivation may be developed, with a concomitant transition from land-based culture
to sea-based cage culture (
Figure 1-6).

juvenile

sub-adult

Land based

Diatoms &
Ulvella lens

adult

Sea based

seaweed
fortified feed
or fresh mixed

protein enhanced
& selected
cultivated
seaweeds

Figure 1-6. Potential progression of abalone feed types suited to the life stage and cultivation stages of
abalone throughout the cultivation period.
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2 Preferred Algae for greenlip and blacklip abalone
2.1 Background
This section of the report is a review of the available literature on the algal food preference of
greenlip H. laevigata and blacklip H. rubra in Australia. This section is divided into five categories
that provide separate types of evidence for the preferred diets of abalone; feeding trials
(preference), natural diets (gut contents), biochemical composition and stable isotopes, growth
and survivorship. Each of these subsections considers the requirements at early lifestages
(gametes, larval, postlarval and juvenile) and later life stages (subadult and adult).

2.2 Feeding trials using algae (preference)
Concerns with some feeding trials are the biases that result due to the artificial setting in which
animals are placed for study, including reductions in water flow, important for rheophilic (high
current loving) species such as H. laevigata (Shepherd 1973).
2.2.1 Juveniles
A preference hierarchy based on pairwise food-choice experiments by juvenile H. rubra showed
the red macroalgae Jeanerettia lobata was preferred to the green macroalgae Ulva sp., which was in
turn preferred to a number of brown macroalgae (Macrocystis angustifolia > Phyllospora
comosa>Ecklonia radiata) (by Fleming 1991 in Foale and Day 1992 pg. 1333). This is consistent
with other reviews across species and continents. The most preferred species were reported to be
the most rapidly digested to an unrecognizable state potentially biasing gut content studies to
favor more persistent algae (e.g. some browns, corallines) and/or underestimate contribution of
more preferred/highly digestible species (e.g. some reds, some greens).
Factors influencing food selection by juvenile H. rubra (mean length 43 mm) from Beaumaris,
Port Phillip Bay, Victoria were established for seven species of macroalgae, including three reds,
three browns and one green (McShane et al. 1994). Individual H. rubra fed on red macroalgae in
preference to brown macroalgae. The pattern of assimilation (relative proportion of diet ingested)
was from highest to lowest: Gigartina radula >Plocamium mertensii> Ecklonia radiata > Phyllospora
comosa > Jeanerettia lobata > Ulva lactuca. Although higher growth occurred on J. lobata compared
with P. comosa, the food conversion efficiency (FCE, gain in the live weight of the individual
divided by the dry weight of macroalgae supplied) for H. rubra fed on J. lobata was much less than
for H. rubra fed P. comosa.
Paul et al. (2006) tested feeding preference of hatchery-reared juvenile H. rubra from NSW
Fisheries, Port Stephens, NSW, for the red macroalgae Asparagopsis armata with and without
bromide, a known chemical deterrent found in seaweeds. Tested individuals preferred bromidefree algae to algae with bromide suggesting chemistry can be an important factor determining
preference in not only polyphenolic-rich brown macroalgae, when choice is available.
2.2.2 Sub-Adults and Adults
Clarke (pers.comment unpub. SARDI report) tested feeding preferences of H. laevigata and H.
rubra for 48 species of macroalgae in the laboratory. Algae were wild-caught and sampled from
multiple sites around Port Lincoln and Avoid Bay, South Australia. In feeding trials, H. laevigata
grew faster than H. rubra and both species grew faster on a mixed algal diet compared with a
single species diet. Different algal preferences were observed between the two species of abalone.
Reds were eaten more often than other macroalgae, but more reds were offered in feeding trials.
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Different species within an algal genus exhibited different palatability; regional variation in tested
algal species and palatability was often state-specific. Tests were also conducted to examine
„culturability‟ of tested algae species and it was reported that highly palatable species would be
difficult to grown on a commercial scale, with the red algae, Gracilaria confervoides, an exception.
Few calm water algal species were found to be palatable, except G. confervoides and the green algae,
Ulva australis.
The red macroalgae, Jeanerettia lobata, was the most preferred algae consumed by H. rubra from
Williamstown, Port Phillip Bay, Victoria, while the brown macroalgae, Ecklonia radiata, was the
least preferred (Fleming 1995a). The brown macroalgae Macrocystis angustifolium and Phyllospora
comosa were less preferred than the red macroalgae Laurencia botryoides, even though animals eating
L. botryoides died. Intake and FCE were found to be poor proxies for nutritional value.
Feeding preference, as related to digestible nitrogen levels, was tested for H. rubra (85-120 mm)
from Williamstown, Port Phillip Bay, Victoria (Fleming 1995b). Digestible nitrogen (DN) was the
most important tested factor determining preference and it was found that abalone select/prefer
foods that maximise intake of DN. H. rubra exhibited preference for Jeanerettia lobata, which also
had the highest digestible nitrogen content and resulted in the highest abalone growth rates.
Digestible energy was also examined but was not reported to play a major role in determining
preference.

2.3 Natural Diets
Information about natural diets of abalone come primarily through analyses of gut contents and
this is often a result of ecological research done on wild abalone. Some limitations of these
studies are that they tend to overestimate less rapidly digested food items and underestimate
more rapidly digested food items. This is especially important to consider given brown algae tend
to digest more slowly in the abalone gut than red algae (H. midae: Day and Cook 1995, H. rubra:
Foale and Day 1992). This results in browns more prevalent in the abalone gut than red algae,
especially if the study is not carried out for a sufficient period of time (but see Shepherd 1973 p.
232 for evidence that passage of algae through crop completed in 24 hrs).
2.3.1 Post larvae and Juveniles
Garland et al. (1985) studied H. rubra post-larvae and juveniles in Tasmania and found that at
these life stages, tested animals depend on nutrition mostly from cuticle and epithallial contents
grazed from coralline algae. Phytoplankton was found to form a negligible part of the diet, and
similarly, bacteria formed a minor dietary component in terms of bulk.
Shepherd and Cannon (1988) studied the diet of juvenile H. laevigata at West Island, South
Australia. Crustose coralline algae dominated diet of animals in the 5-10 mm size category, with
diet diversification at 10-20 mm to also include red, green and brown macroalgae, geniculate
corallines, filamentous algae and seagrass. At 20 mm and larger, the abalone diet shared attributes
with the 10-20 mm diet, with diminishing crustose corallines and increasing red macroalgae, as
well as geniculate coralline components. Although large brown macroalgae were conspicuous and
available in the local study area, Shepherd and Cannon (1988) reported that juvenile H. laevigata
avoided these algae.
Foale and Day (1992) tested the hypothesis that longer residence times of less preferred algae
biased gut content analyses in favor of less preferred algae. Juvenile (65-80 mm) H. rubra
collected from Point Cook, Port Phillip Bay, Victoria were subjected to various starvation times
and staged gut content analyses to examine algal preference, residence times and recognisability
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in the gut over time. Recognizability was species dependent and varied depending on how rapidly
they were ingested and sensitive to starvation, with digestion more rapid if abalone were not
starved.
A preference hierarchy based on pairwise food-choice experiments conducted by Fleming (1991)
was discussed (Foale and Day 1992 pg. 1333) that showed Jeanerettia lobata was preferred to Ulva
sp., which was in turn preferred to a number of brown macroalgae (Macrocystis angustifolia >
Phyllospora comosa>Ecklonia radiata). The most preferred species were reported to be the most
rapidly digested to an unrecognizable state potentially biasing gut content studies to favor more
persistent algae (e.g. some browns, corallines) and/or underestimate contribution of more
preferred/highly digestible species (e.g. some reds, some greens).
2.3.2 Sub-Adults and Adults
One of the earliest and most extensive studies of H. laevigata and H. rubra feeding compared two
reef sites adjacent to sandy areas in South Australia and found diet differed depending on
location, species and season (Shepherd 1973, Appendix 1). At West Island, South Australia H.
laevigata was reported to eat: Reds 77%, Browns 13%, Greens <2%, Seagrasses <5%, Other <1%
and feed mainly on red algae in winter and some browns, including Lobospira bicuspidata and
Pachydictyon paniculatum, as well as the seagrass Posidonia australis in summer. At the second
location, Tipara Reef in Spencer Gulf, South Australia, H. laevigata ate: Reds 70%, Browns 11%,
Greens 4%, Seagrasses 11%, Other 4%, with majority of food consumed (85%) derived from
seagrasses + epiphytes on seagrass. At West Island, South Australia H. rubra exhibited preference
for reds with following breakdown: Reds 80%, Browns 10%, Greens <2%, Seagrasses <8%,
Other 3% and showed habitat-dependent diet that included epilithic algae, algal drift, sand grains
as well as consumption of epilithic animals. At Tipara Reef, Spencer Gulf, South Australia H.
rubra consumed a much lower amount of reds, with: Reds 55%, Browns 7%, Greens 1%,
Seagrasses 33%, Other 5% and fed on seagrass epiphytes, but also Posidonia australis, detritus and
other browsed matter, animal matter and small lithophytic algae.

2.4 Biochemical (Fatty acids, Sterols, Nitrogen, Energy) and
Stable isotopes
2.4.1 Juveniles
Algal energy content and toughness of seven species of macroalgae, including three reds, three
browns and one green, were established as influencing food selection in juvenile H. rubra (mean
length 43 mm) from Beaumaris, Port Phillip Bay, Victoria (McShane et al. 1994). Analyses
revealed that energy content varied from highest to lowest in the following order: red macroalgae
Gigartina radula and Jeanerettia lobata > brown macroalgae: Ecklonia radiata and Phyllospora comosa, >
green macroalgae: Ulva lactuca and > brown macroalgae: Macrocystis angustifolia. Only M.
angustifolia, with the lowest energy content, differed significantly from other tested species. The
ash content differed significantly amongst species of macroalgae tested; M. angustifolia had the
highest ash content. Nitrogen content was higher in red macroalgae than brown macroalgae. The
toughest algae were browns with Phyllospora comosa tougher than Ecklonia radiata, which was in
turn tougher than Macrocystis angustifolia, followed by Gigartina radula and then Ulva lactuca. Algal
toughness was determined to be a very important factor in shaping feeding preference in juvenile
H. rubra, while chemistry (e.g. polyphenolic compounds especially in browns) was not. However,
other factors are clearly important because if toughness was the sole determinant of preference
the softest alga, U. lactuca, should have been the most preferred algae but it was not.
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To characterize potential differences in fatty acid and sterol profiles among wild and cultured
abalone, wild Tasmanian H. laevigata (~142 mm) and H. rubra (~150 mm) adults were compared
to hatchery-reared juvenile H. laevigata and hybrid H. laevigata x H. rubra fed an artificial diet and
juvenile H. laevigata fed the green alga Ulva australis (Dunstan et al. 1996). The major sterol in all
samples of abalone muscle was cholesterol, irrespective of diet. The major fatty acids in the foot
muscle of the abalone examined were 16:0, 18:0, 18:1(n-9), 18:1(n-7), 20:4(n-6), 20:5(n-3) and
22:5(n-3), irrespective of diet, age or species. Like many species of macroalgae but in contrast to
majority of omnivorous and carnivorous marine animals, the major C22 PUFA in abalone was
EPA, 22:5(n-3). Food preference of newly settled abalone is for diatoms high in lipid and EPA
20:5(n-3), but low in DHA 22:6(n-3), suggesting that settled abalone may require an artificial diet
with oils rich in EPA 20:5(n-3).
Food consisting of Navicula sp. grown in low nitrate and lower total amino acid content medium
produced slower growth rates of juvenile H. rubra than when abalone were fed on Navicula sp.
grown in standard or higher nitrogen medium with higher amino acid content (Daume et al.
2003). Maintenance of an optimal concentration range between 2-12 mg NO3 -N/L was
recommended for optimum growth of juvenile H. rubra in commercial nurseries.
Vandepeer and Barneveld (2003) tested digestibility of 12 ingredients by hatchery-reared H. rubra
and H. laevigata juveniles (40-60 mm), with a focus on formulated feeds. Apparent digestibilities
of nutrients were calculated using the formula in Hardy (1997) that estimated difference between
nutrients (energy content) consumed (diet) versus excreted (feces). Significant differences were
found between H. rubra and H. laevigata, with H. rubra more efficient at digesting protein and
cellulose and H. laevigata exhibiting greater capacity to digest soluble non-starch polysaccharides.
The brown macroalgae Durvillea potatorum contained the least digestible protein for both H.
laevigata and H. rubra of ingredients tested and H. laevigata digested gross energy from Durvillea
potatorum better than H. rubra.
Watson et al. (2004) reported that juvenile (4-5 mm) H. laevigata from Great Southern Marine
Hatcheries, Albany, Western Australia grazed a larger number of Navicula jeffreyi when the protein
content was low, and it was suggested that this behaviour may have been a compensatory
response to the lower protein levels in tested diatoms.
2.4.2 Sub-Adults and Adults
Clarke et al. (unpublished SARDI report, pers. comm, Steven Clarke, SARDI) tested feeding
preferences of 48 species of macroalgae by H. laevigata and H. rubra in the laboratory.
Considerable differences existed in fatty acid profiles for algae, but these were not related to
dietary value of each alga.
Feeding preference, as related to digestible nitrogen levels, was tested for H. rubra (85-120 mm)
from Williamstown, Port Phillip Bay, Victoria (Fleming 1995b). H. rubra exhibited preference for
Jeanerettia lobata, which also had the highest digestible nitrogen content. Digestible nitrogen was
lowest in 3 tested brown macroalgae, Macrocystis angustifolium, Ecklonia radiata and Phyllospora
comosa, with digestibility related to polyphenolic content of brown algae. Digestible energy was
not found to play a major role in determining preference.
Wild Tasmanian H. laevigata (~142 mm) and H. rubra (~150 mm) adults were compared to
hatchery-reared juvenile H. laevigata and hybrid H. laevigata x H. rubra fed an artificial diet and
juvenile H. laevigata fed the green alga Ulva australis for differences in sterol and fatty acid profiles
(Dunstan et al. 1996). Wild caught adults had higher concentrations of the fatty acid 20:4(n-6)
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than the muscle of both groups of juvenile abalone (on formulated feeds and U. australis),
indicating that the artificial diet and U. australis were low in this fatty acid. This was despite the
feeds containing high proportions of the precursor.
Guest et al. (2008) examined fatty acid and stable isotope profiles of H. rubra (50-180 mm) and
potential algal food sources from Maria Island in eastern Tasmania. Stable isotopes of carbon
from the abalone revealed that brown algae and detritus are a more important carbon source than
red algae. Fatty acid analysis confirmed the larger contribution of browns to abalone diet and
identified bacterial and diatom components of detritus as nutritionally important.

2.5 Growth and survival
2.5.1 Gametes
Graham et al. (2006) tested the influence of maternal diet on a range of growth-related
parameters of H. laevigata eggs (liberated from animals spawned individually via combination of
desiccation for 1 hour, heat stress at 210C and UV treated seawater, supplied by Great Southern
Marine Hatcheries, Albany, West Australia). Over three consecutive spawnings, egg diameters in
adults fed red seaweeds (Gigartina sp, Plocamium mertensii) were found to be significantly smaller
than for adults fed the low arachidionic (fatty) acid formulated feed diet. However, because
relative differences varied among spawning rounds it was clear that factors beside diet (e.g.
maternal effects) control egg size. This confounded attempts to estimate the role of diet to brood
stock conditioning, and potentially larval provisioning.
2.5.2 Larvae
Daume et al. (2004) examined early settlement, growth and feeding on different microalgae by
hatchery reared H. rubra larvae from Southern Ocean Mariculture in Victoria. Juveniles preferred
a slightly different substrate for feeding (younger Ulvella lens) than larvae did for settlement/early
feeding (older U. lens). Early growth was found to be an important determinant of later
performance. The study reported that Ulvella lens is now successfully used in most abalone
nurseries in Australia.
2.5.3 Post larvae
Daume et al. (2000) found that post larval growth rates of hatchery-bred H. rubra (supplied by
Southern Ocean Mariculture ,Victoria) were higher on monospecific diatom films than on Ulvella
lens or on Sporolithon durum, which are good settlement inducers but are not sufficient for rapid
growth of post larval H. rubra. The best growth rate was obtained with the diatom Navicula sp.
Survival was low on Ulvella lens and on Cocconeis sp. Commercial nursery plates seeded with
pregrazed Ulvella lens were good substrates for settlement, while an inoculum of Navicula sp. will
ensure sufficient food for rapid growth of postlarvae.
2.5.4 Juveniles
McShane et al. (1994, see details above) found that assimilation rates (measured as relative
proportion of diet ingested) were similar for seven species of macroalgae tested, except for
Jennerettia lobata and Ulva lactuca, which had a lower assimilation rate (relative proportion of diet
ingested) compared to the other algae tested. Significantly higher growth was reported for H.
rubra on J. lobata (~37mg/day) compared with Phyllospora comosa (~8mg/day) diets.
Juvenile H. rubra (supplied by Ocean Wave Seafoods, Lara, Victoria) that was fed on Navicula sp.
cultured in low nitrate and lower total amino acid (aa) content media, grew slower than when fed
on Navicula sp. grown in standard or higher nitrogen media with higher aa content (Daume et al.

2-63 | P a g e

2003). Survival showed similar trends as growth. Maintenance of an optimal concentration range
between 2-12 mg NO3 -N/L was recommended for optimum growth of juvenile H. rubra in
commercial nurseries.
Daume et al. (2004) examined early settlement, growth and feeding on different microalgae by
hatchery reared H. rubra juveniles from SOM in Victoria. Juveniles preferred a slightly different
substrate for feeding (younger Ulvella lens) than larvae did for settlement/early feeding (older U.
lens). To overcome problems of overstocking and negative effect on growth and survival, it was
suggested that juveniles should be thinned as soon as diatom biofilm starts disappearing.
Hatchery bred juvenile H. laevigata (from Great Southern Marine Hatcheries, Albany, West
Australia) grew faster on green macroalgae Ulvella lens than on a formulated feed or plates
colonized with the diatom Navicula cf jeffreyi (Daume and Ryan 2004). Growth of juveniles on
Ulvella lens and Navicula cf jeffreyi was found to be more variable than growth on formulated feed.
Recommendations included keeping juvenile H. laevigata on Ulvella lens plates as long as possible
and until formulated feeds can match mean growth rates for Ulvella lens and that juvenile H.
laevigata should not be weaned onto formulated feed before 5 mm shell length.
Taylor and Tsvetnenko (2004) reported significantly higher abalone specific growth rate (shell
length), wet weight and foot muscle yield for H. laevigata juveniles (14.7-27.8 mm, from Great
Southern Marine Hatcheries, Albany, West Australia) fed a diet of formulated feed compared to
those fed nitrogen-enriched or nitrogen-unenriched Ulva rigida diet. Abalone on a formulated
feed diet contributed a higher percentage of weight gain to the valuable foot muscle than abalone
on the green macroalgae Ulva rigida.
Growth rates of juvenile (4-5 mm) H. laevigata from Great Southern Marine Hatcheries, Albany,
West Australia fed Navicula jeffreyi were slow and variable (Watson et al. 2004). Grazing pressure
was higher on Navicula jeffreyi with a lower, not a higher, protein content. The observed high
mortality of a large number of juvenile H. laevigata was reported to be a result of elevated pH
from the formation of dense biofilms of Navicula jeffreyi grown in high light conditions.
Parker et al. (2007) examined growth rates and survival in juvenile (about 4 mm) H. laevigata from
Great Southern Marine Hatcheries, Albany, West Australia on different cultured diatom diets,
including single species and mixed choices. There was no significant difference in daily growth,
weight gain or survival over the four diatom treatments (Acnanthes longipes, Coccneis sublittoralis,
Navicula cf jeffreyi and mixed). However, the mixed diet did result in the highest, although not
significant, specific growth rate and weight gain over the experiment compared with other
treatments.
The influence of three cultured diets on growth rate (shell length) of juvenile (about 8 mm) H.
laevigata was compared for: 1) green macroalgae Ulvella lens supplemented with the diatom
Navicula jeffreyi, 2) a diet of the red macroalgae, Laurencia sp. fragments adhered to feeding plates
using agar and 3) formulated feed (Strain et al. 2007). Shell length increased on all three diets and
at week eight there was no significant difference in shell length among the three treatments.
Growth rates on all three diets increased steadily over the eight-week trial with no significant
differences observed among the three treatments through time. Formulated feeds were found to
support low initial growth rates, but resulted in significantly higher growth rates from weeks four
through eight compared with a diet of red macroalgae, Laurencia (adhered to feeding plates using
agar) and resulted in a significantly higher growth rate than that achieved on the Laurencia
fragment diet/agar diet at week eight.
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Daume et al (2007) compared growth on cultured microalgae compared with formulated feeds in
juvenile (5-7 mm) hatchery raised H. laevigata from Great Southern Marine Hatcheries, Albany,
West Australia. The results revealed that growth rates were highest on cultured green macroalgae,
Ulvella lens in the first four weeks of the experiment, after which growth rates on this diet declined
rapidly. Growth rates of juvenile H. laevigata were the highest when the algal diet included
germlings of Ulva spp., indicating that Ulva spp. germlings are suitable additional food. Older size
classes, from week four when H. laevigata were about 7 mm in shell length, exhibited increased
growth rates on formulated feed. In both experiments, juvenile H. laevigata survival was higher on
algal diets (77-82%) than on formulated feed diets (62-65%). Influence of temperature indicated
that this is an important variable to measure/control in tanks and additional recommendations
are to relocate juvenile H. laevigata to a tank system with formulated feed diet at 7 mm.
2.5.5 Subadults and adults
Clarke et al. (unpublished SARDI report, pers. comm, Steven Clarke, SARDI) conducted feeding
trials of H. laevigata and H. rubra for macroalgae in the laboratory. Algae were wild-caught and
sampled from multiple sites around Port Lincoln and Avoid Bay, South Australia. In feeding
trials, H. laevigata grew faster than H. rubra and both species grew faster on a mixed algal diet
compared with a single species diet.
Fleming (1995a) reported greatest growth and FCE of H. rubra from Williamstown, Port Phillip
Bay, Victoria on a diet of the red macroalgae, Jeanerettia lobata. Highest intake was on a diet of the
brown macroalgae, Phyllospora comosa, but this high intake did not translate to high growth. Intake
and FCE were found to be poor proxies for nutritional value.
H. rubra (85-120 mm) from Williamstown, Port Phillip Bay, Victoria exhibited a preference for
Jeanerettia lobata, which also had the highest digestible nitrogen content and resulted in the highest
abalone growth rates (Fleming 1995b).

2.6 Summary
Twenty-two studies were reviewed in this literature survey examining blacklip and
greenlip abalone preferences for algal food sources (Table 2-3). The review is largely comprised
of peer-reviewed literature as this was more accessible than grey/technical literature. Some
studies touched on more than one category. For example, Fleming (1995b) examined abalone
preference for algae, but also provided information on biochemical composition, specifically
nitrogen, as well as growth rates. Six studies (three examining trends in juveniles and three for
subadult/adults) included a feeding trial/preference component and four studies (three
examining trends in post-larvae and juveniles and one for subadult/adults) included analyses of
gut contents. Biochemical analyses (nutrients, fatty acids, sterols), including stable isotope work,
of algae and/or greenlip and blacklip abalone tissues were incorporated into nine studies, five on
trends for juveniles and four for subadult/adults. Fifteen studies explored aspects of growth and
survivorship, the majority of these on early life stages, with only three studies examining growth
in subadults/adults. Slightly more literature was available for H. rubra than H. laevigata, with
thirteen studies of feeding by H. laevigata on algae, while 15 papers reported findings of H. rubra
nutrition. Research on subadults and adults was more prevalent in the earlier literature, with only
seven studies providing data on later life stages. Seventeen studies examined early life stages of
greenlip and blacklip abalone and this focus was largely a result of recent studies on growth and
survivorship by Daume and colleagues.
Abalone algal preference changes through time and abalone need very different food
sources when they are young compared with when they are adults. One of the earliest studies of
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adult abalone preference (Shepherd 1973) also tracked the change in microhabitat through
growth intervals, an early indication that diet might also change (Table 2-1).
Table 2-1. Microhabitats occupied sequentially by young abalone (approximate size of abalone shown in
mm) (after Shepherd 1973).
Species

H. cyclobates
H. laevigata
H. roei
H. ruber (now H. rubra)
H. scalaris

On
Lithothamnia
(sometimes
also in algae)
Not known
<10
<10
<10
<10

Under boulders

Presumably <40
10-50
10-50
10-35

Narrow crevices

50-70
10-75
50-100
35-75

Large crevices and
caves or vertical
faces

Open rock

>40
>70
>75
>100
>75

Shepherd and Cannon (1988)
documented how juvenile diet of
wild greenlip abalone comprised
mainly of crustose corallines algae
(5-10 mm) diversifies to incorporate
other elements (macroalgae and
seagrass at 10-20 mm) with corallines
becoming increasingly minor, and
reds more prevalent, through time Figure 2-1. The sequential shifts in diet composition of abalone
(>25 mm). Daume (2006) reviewed from the larval to the adult stage (from Daume 2006).
feeding preferences of cultured
micro- and macroalgae as inferred by differences in growth of early life stage, hatchery-bred
abalone (Figure 2-1). One of the key points emerging from this literature is how early growth is
an important determinant of later performance (Daume et al. 2004). Larvae grow best on a
biofilm of older Ulvella lens (Daume et al. 2004), post larvae on Ulvella lens with inoculum of
Navicula sp. (Daume et al. 2000) and juveniles (4 mm) on a mixed diatom diet (Parker et al. 2004),
juveniles (5-7 mm) on Ulvella lens + Ulva spp. germlings (Daume and Ryan 2004, Daume et al.
2007) followed by formulated feed (from 8 mm) (Taylor and Tsvetnenko 2004, Daume et al.
2007, Strain et al. 2007) or perhaps algal fragments (Strain et al. 2007).
An important point emerging from work by Daume and others is that benefits, beside enhanced
growth rate, result from a mixed algal/single species algal diet (when compared to formulated
feeds), such as increased survivorship. Such benefits can greatly reduce costs for commercial
scale aquaculture and ensuring high survivorship is often as important as optimising growth rates.
Troell et al (2006 pg 274) in review of IMTA with abalone/algae in South Africa reported that a
diet of Abfeed generates a lower FCR compared to kelp but has the potential to negatively affect
culture water quality. As well, there exists a higher incidence of sabellid infection in Abfed tanks
and kelp fed abalone showed higher shell growth. A recent study examined a mixed algal diet
compared with a single species algal diet for diversity of parameters including growth,
survivorship, condition index and feeding preference for Haliotis discus hannai fed five
experimental algal diets (Qi et al 2010). Survival was excellent in all groups and there were no
differences amongst diets in condition index. However, growth rates were highest in abalone fed
kelp exclusively, followed by mixed kelp + Gracilaria, with the latter diet also yielding the biggest
increase in shell length. L. japonica prompted the highest feed intake, followed by mixed diets of
kelp + Gracilaria, with FCE highest for Gracilaria, suggesting that this species can be used as a
partial substitute. A mixed diet is a good option, and a diet including reds produces an attractive
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shell, which is also a consideration for marketing. Cost to feed abalone decreases (by 21.6%)
when a bit of red algae is included, as browns are more costly to produce and/or purchase.
Older juveniles of Australian greenlip and blacklip abalone (e.g. 43 mm, 65-80 mm) (McShane et
al. 1994 and Foale and Day 1992, respectively) and subadult and adult abalone (Shepherd 1973,
Clarke (unpublished SARDI report, pers. comm, Steven Clarke, SARDI), Fleming 1995a & b)
exhibit preference for red macroalgae compared to brown or green macroalgae. Moreover, the
contribution of reds may be underestimated, given that red algae may be less persistence in
abalone guts than, for example, brown macroalgae (Foale and Day 1992). The preference for red
algae is in contrast to abalone in the north Pacific region, where tested species exhibit a
preference for brown algae (Foale and Day 1992 and references therein). It is thought that the
presence of high concentrations of undesirable polyphenolics in Australian brown algae
(Steinberg 1988, Steinberg and van Altena 1992) that are scarce or absent from northeastern
Pacific species of brown algae in part explain the preference for reds. Although herbivores may
exhibit a range of tolerance to polyphenols (Johnson and Mann 1986, Hay and Fenical 1988),
polyphenols have been shown to be unpalatable to abalone (Winter and Estes 1992) and other
marine invertebrates and vertebrates (Hay and Fenical 1988, van Alstyne and Paul 1990). The
high abundance of red algae in southern Australia is thought to be another important factor
driving preference by greenlip and blacklip for reds (Womersley 1959, Shepherd 1973).
That abalone prefer red macroalgae over other algae is one of the few commonalities shared by
food choice experiments. A quick comparison of two studies (Foale and Day (1992) with
McShane et al. (1996)), exemplifies the differences inherent in the preference literature (Table
2-2). Juvenile H. rubra most preferred a red alga to brown algae or green algae (albeit a different
genera/species of red algae (Jeanerettia lobata in Foale and Day (1992) vs. Gigartina radula and
Plocamium mertensii in McShane et al. (1994)). However, the second most preferred group of
macroalgae was different. While Foale and Day (1992) reported that the green macroalgae Ulva
sp. was preferred over three species of brown macroalgae (Macrocystis angustifolia, Phyllospora comosa,
Ecklonia radiata) McShane et al. (1994) reported that brown algae (Ecklonia radiata and Phyllospora
comosa) were preferred to not only green (Ulva lactuca) but also the red macroalgae (Jeanerettia
lobata), the most preferred algae in Foale and Day (1992)!
Table 2-2. Comparison of preference results from two studies of juvenile H. rubra.

Foale and Day 1992
1
2
3
4
5

Algae
Jeanerettia lobata
Plocamium mertensii
Gigartina radula
Ulva sp./Ulva lactuca
Macrocystis angustifolia
Phyllospora comosa
Ecklonia radiata

McShane et al. 1996
5
2
1
6
4
3

The same studies that indicate a preference by older abalone for red macroalgae also highlight the
wide range of food items consumed (Shepherd 1973). A number of species of both brown and
green macroalgae, as well as seagrass and detritus, have been reported from the gut of wild
abalone (Shepherd 1973, Wells and Keesing 1989), and eaten in laboratory trials (Foale and Day
1992, McShane et al 1994). In the wild, availability can exert a strong influence on abalone diet
with seasonal and regional abundance often a major determinant of algae consumed (Shepherd
1973). This overview indicates that it is several key underlying properties (or lack thereof) of red
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macroalgae, including low toughness (McShane et al. 1994) and high digestible nitrogen and
energy content (Fleming 1995 a&b) that drive observed food choices.
The recent stable isotope work by Guest et al. (2008) has revealed that brown algae and detritus
are a more important carbon source than red algae and fatty acid analysis has confirmed this
finding. By highlighting the difference between preference and assimilation this work challenges
the importance of abalone preference. Similar to the human predilection for fast food/candy,
what you like the best, may not be the best for you, and perhaps abalone have to eat brussel
sprouts too! These results are not without precedence. McShane et al. (1994) reported a
preference for red macroalgae, and higher growth rates for H. rubra on a red algal diet. However,
food conversion efficiency and assimilation rates (relative proportion of diet ingested) were often
higher for brown macroalgae.
This literature review has illustrated the variability in diet of Australian abalone and made clear
the importance of undertaking preliminary fieldwork to gather baseline diet on assimilation,
which can vary from preference, when utilizing local populations in aquaculture endeavours.
Prior to embarking on full-scale commercial projects, it would be prudent to extend isotope/fatty
acid work of Guest et al. (2008) to sample H. laevigata and/H. rubra/hybrids each month over 12
month period at a range of sizes (e.g. juveniles, subadult, adult) and at a range of sites (e.g. SA,
Victoria, Tasmania, NSW). Pairing this with tests of macroalgae at the different sites through the
year would assist in gaining an improved understanding of variation in food and also allow full
interpretation of abalone nutritional trends.
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Table 2-3. Review of studies on diets of abalone.

Article

Abalone2

Location

Food4

Study Type5

Shepherd 19731

L&R

West Island, South
Australia

I, GC

L: Reds 77%, Browns 13%, Greens <2%, Seagrasses <5%, Other
<1% and feeds mainly on red algae in winter, some browns (Lb &
Pp) and Pa in summer.
R: Reds 80%, Browns 10%, Greens <2%, Seagrasses <8%, Other 3%
and showed habitat-dependent diet that included epilithic algae, algal
drift, sand grains and epilithic animals.

Shepherd 19731

L&R

Tipara Reef, Spencer
Gulf, South Australia

I, GC

L: Reds 70%, Browns 11%, Greens 4%, Seagrasses 11%, Other 4%
85% food eaten was derived from seagrasses + epiphytes.
R: Reds 55%, Browns 7%, Greens 1%, Seagrasses 33%, Other 5%
fed on seagrasses + epiphytes, but also Pa, D, animal matter and
small lithophytic algae.

Garland et al.
1985

R, PL & J

Tasmania

W, R: Reds: Aa, Cor, Pl, Pc, OR, L,
DR, Browns: Lb, Pp, Z, Er, H, Cs,
C, Greens: Co, Ul, Seagrasses: A,
Pa, Ht, D; L: Reds: Aa, Cor, Pl,
OR, L, DR, Browns: Lb, Pp, Dic,
Cs, C, Greens: Co, Ul, Seagrasses:
A, Pa, Ht, D
W, R: Reds: Wm, Jp, F, At, Lf, Pn,
Cora, DR, Browns: C, Gs, Dil,
Greens: Co, Seagrasses: Aa, Pa, D;
L: Reds: Wm, Jp, F, At, Lf, Pn,
Cora, DR, Browns: C, Gs, Lv, Cm,
Ps, Greens: Co, Seagrasses: Aa, Pa,
D
W, PL and J: crustose coralline
cuticle and epithallium and bacteria

I, GC

Shepherd and
Cannon 1988

L J: 5-10, 1020, 25-30,
30+

West Island, South
Australia

GC

L&R

Multiple sites around
Port Lincoln and
Avoid Bay, South
Australia3

W, 5-10: Crustose coralline, sand,
10-25: Reds: Aa, Pl, Browns: Lob,
Pp, Greens: Cb, Seagrasses: Aa,
Pos, Ht, Gen: Hr, Ama, Ce, J,
crustose corallines, 25-70: as above
minus crustose corallines
W, VG R: Reds: Gc (BI, CB), H
(CB), Cp (CB), Pla (GI), Sa (GI),
Sd (GI), Dg (GI), Hc (GI), Mh
(SG), Pha (TI), Pla (TI), Pp (TI),
Pc (WI), Lom (WR), Browns: Dm
(GI), Sd (TI), Lob (WR), Greens:
Cc (FS), Pn (SG); L: Reds: Gc (BI,
CB), H (CB), Cp (CB), Pla (GI), Sa

Post-larvae and juvenile R depend on nutrition mostly from cuticle
and epithallial contents grazed from coralline algae. Phytoplankton
forms negligible part of diet and bacteria form a minor component in
terms of bulk.
5-10: crustose coralline algae dominants diet, 10-20: diet shifts to also
include red, green, brown macroalgae, geniculate corallines,
filamentous algae and seagrass, 20+: as for 10-20 with diminishing
crustose corallines and increasing red macroalgae, also geniculate
corallines. Large brown macro-algae, conspicuous in habitat, are
avoided.
Abalone species can exhibit different algal preference and algal
species within a genus can exhibit different palatability. Regional
variation can exist within an algal species and findings of palatability
can be state-specific. Highly palatable species may not be easy to
grow on a commercial scale (except Gc). Few calm water algal species
are palatable (except Gc, Ua). L grew faster than R. Both L, R grew
faster on mixed diet vs. single spp. Considerable differences existed
in fatty acid profiles for algae, not related to dietary value of each

Clarke et al.

unpublished
SARDI report,
pers. comm,
Steven Clarke,
SARDI

FP, FA, G

Short summary of major findings
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R, J, 65-80

Point Cook, Port
Phillip Bay, Victoria

(GI), Sd (GI), Dg (GI), Hc (GI),
Mh (SG), Jl (SG), Pha (TI), Pla
(TI), Pp (TI), Pc (WI), Lom (WR),
Browns: Dm (GI), Sd (TI), Greens:
Cc (FS), Pn (SG)
W, Reds: Al, Jl, Gf, Browns: Ma,
Phc, Er, Greens: U, Cb

R, J mean 43

Beaumaris, Port
Phillip Bay, Victoria

W, Reds: Gr, Pm, Jl, Browns: Ma,
Phc, Er, Greens: Ul. Pasta

FP, I, AT,
AC, G

Fleming 1995a

R

Williamstown, Port
Phillip Bay, Victoria

W, Reds: Jl, Lb, Browns: Ma, Er,
Phc, Greens: Ua.

FP, I, G

Fleming 1995b

R, 85-120

Williamstown, Port
Phillip Bay, Victoria

W, Reds: Jl, Lb, Browns: Ma, Er,
Phc, Greens: Ua.

FP, AC, G

Dunstan et al.
1996

Wild R
(~150) &
wild L
(~142),
hybrid and
hatchery
reared J of L

Tasmania and
hatchery reared

W, Greens: Ua & FF

FA, St

Daume et al.
2000

R, PL

Southern Ocean
Mariculture (SOM),

C, Reds: Spd; Greens: Ulens,
Diatoms: Amp, Coc, Cyc, Nav, Nj,

G, S

Foale and Day
1992
Shepherd and
Steinberg 1992
McShane et al
1994

algae.

FP, GC

Reds preferred to Greens preferred to Browns

Energy: Gr,Jl>Er,Phc>Ul>Ma; Assimilation: Gr>Pm>Er>Phc> Jl
>Ul; Toughness: Phc > Er > Ma > Gr > Ul. Red preferred to
browns, indicated by significantly higher growth on Jl (~37mg/day)
vs Phc (~8mg/day). Algal toughness more important deterrent than
chemistry.
Greatest growth and FCE6 on Jl. Highest intake PHc but did not
result in high growth. Jl most preferred, Er least preferred and
correlated with growth. Ma and Phc less preferred than Lb, even
though animals eating Lb died. Intake and FCE not good proxies for
nutritional value.
Digestible nitrogen (DN) most important tested factor determining
preference and abalone select/prefer foods that maximise intake of
DN and result in maximum growth rates. DN highest in Jl and lowest
in 3 tested browns: Ma, Er, Phc, with digestibility related to
polyphenolic content of brown algae. Digestible energy not major
role in determining preference.
Major sterol in all samples of abalone muscle was cholesterol,
irrespective of diet. The major fatty acids in the foot muscle of the
abalone examined were 16:0, 18:0, 18:1(n-9), 18:1(n-7), 20:4(n-6),
20:5(n-3) and 22:5(n-3), irrespective of diet, age or species. Major C22
PUFA in abalone was 22:5(n-3). Food preference of newly settled
abalone for diatoms, high in lipid and 20:5(n-3), but low in 22:6(n-3)
FF and Ua were low in the fatty acid 20:4(n-6) and the muscle of
both groups of juvenile abalone fed FF had low proportions of this
fatty acid and its elongation product compared with W.
PL growth rates of R were higher on monospecific diatom films than
on Ulens or on Spd, which are good settlement inducers but are not
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Victoria, Hatcheryreared

Daume et al.
2003

R, J

Abalone supplied by
Ocean Wave
Seafoods, Lara,
Victoria

C, Diatom: Nav

G, BC of
Nav

R & L J 4060

Commercial
hatcheries

12 ingredients tested, with
concentration on FF, but also W
Brown: Dp

D, BC

Daume et al.
2004

R larvae

SOM, Victoria,
Hatchery-reared

C, Greens: Ulens, Diatoms: Nav,
Natural mix

G

Daume and
Ryan, 2004

L, J

Great Southern
Marine Hatcheries,
Albany West
Australia

C, Greens: Ulens, Diatoms: Ncfj;
FF

G

Taylor and
Tsvetnenko
2004

L, J 14.7-27.8

Great Southern
Marine Hatcheries,
Albany West
Australia

C, Greens: Ur; FF

G

Watson et al.
2004

L, J, 4-5

Great Southern
Marine Hatcheries,
Albany West

C, Diatoms: Nj

I, G, S, BC
of Nj

Vandepeer and
Barneveld 2003

sufficient for rapid growth of PL R. The best growth rate was
obtained with Nav. Survival was low on Ulens and on Coc.
Commercial nursery plates seeded with pregrazed Ulens = good
settlement, while an inoculum of Nav will ensure sufficient good for
rapid growth of PL.
JR feeding on Nav grown in low nitrate + lower total amino acid (aa)
content medium grew more slowly than when fed on Nav grown in
standard or higher nitrogen medium with higher aa content. Survival
showed similar trends as growth. Optimal [ ] of 2-12 mg NO3 -N/L
should be maintained for JR in commercial nurseries.
Significant differences were found between R and L. R more efficient
at digesting protein and cellulose than L, with L exhibiting greater
capacity to digest soluble nonstarch polysaccharides. L digested gross
energy from Dp better than R. Dp contained least digestible protein
for both L and R of ingredients tested.
To overcome problems of overstocking and negative effect on
growth and survival, juveniles should be thinned as soon as diatom
biofilm starts disappearing. Juveniles prefer different substrate for
feeding (younger Ulens) than larvae do for settlement/early feeding
(older Ulens). Early growth is important in determining later
performance. As a result of this work, Ulens is now successfully used
in most abalone nurseries in Australia.
L, J grew faster on Ulens than on a formulated feed or plates
colonized with Ncfj. Growth of juveniles on microalgae (Ulens, Ncfj)
may be more variable than on FF. Until FF can match mean growth
rates for Ulens, recommended to keep L,J on Ulens plates as long as
possible and L, J should not be weaned onto FF before 5 mm shell
length.
Abalone specific growth rate (shell length), wet weight and foot
muscle yield were significantly higher for abalone fed the FF
compared to those fed any Ur diet, whether nitrogen enriched or not.
Abalone fed FF contributed a higher percentage of weight gain to the
valuable foot muscle.
L, J growth rates fed Nj were slow and variable. L, J grazed a larger
number of Nj when the protein content was low, possibly
compensating for the lower protein levels. When Nj grown in high
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Australia
Graham et al.
2006

Paul et al. 2006
Parker et al.
2007

L, eggs

Great Southern
Marine Hatcheries,
Albany West
Australia

W, Reds: Pm, G; FF

G

R, J

NSW Fisheries, Port
Stephens hatcheryreared
Great Southern
Marine Hatcheries,
Albany West
Australia
Unknown

C, Reds: Aa with and without
bromides

FP

C, Diatoms: Acl, Cocs, Ncfj

G, S

L, J, ~4

light, dense Nj biofilms produced elevated pH levels which most
likely cause of observed high mortality of large number of L, J.
Over 3 consecutive spawnings, egg diameter in red seaweed
treatment (Pm, G) significantly smaller than only the low arachidionic
(fatty) acid FF diet and relative differences varied among spawning
rounds. Diet is not the only factor controlling egg size and at this
time, the role of diet to broodstock conditioning and potential larval
provisioning is unclear.
R, J preferred bromide (-) algae over bromide (+) algae.

Overall specific growth rates were highest in the mixed culture,
however they were not significantly different from single species diets
of Acl, Cocs or Ncfj. There was no significant difference in daily
growth, weight gain or survival over the four diatom treatments.
Strain et al. 2007
L, J, ~8
C, Reds: L (+ agar), Greens: Ulens,
G
Shell length in L, J increased on all three diets (L vs Ulens+Nj vs FF)
Diatoms: Nj; FF
and at week 8 there was no significant difference in shell length
among the three treatments. Growth rates increased steadily during 8
wk trial, with no significant differences among treatments over time.
FF supported low initial growth rate, but significantly higher growth
rate from wk 4-8 compared with L+agar.
Daume et al.
L, J 5-7
Great Southern
C, Greens: Ulens, U; Diatoms:
G
Expt 1: Growth rates highest on Ulens first 4 wks, then rapidly
2007
Marine Hatcheries,
Ncfj; FF
declined/ Growth rates on FF increased from wk 4 at ~ 7mm shell
Albany West
length. Expt 2: Growth rates highest when algal diet included
Australia
germlings of U, indicating that U germlings are a suitable addition for
L, J. In both expts survival higher on algal diets (77-82%) than on FF
(62-65%). Temperature important variable to msre/control. Study
recommended moving L, J to tank system and introducing FF at 7
mm.
Guest et al. 2008
R, 50-180
Maria Island, eastern
W: Reds: Pla, Pld, Php; Browns:
FA & SI
Stable isotopes of carbon suggest that brown algae and detritus are a
Tasmania
Er, Phc, Dp; D
more important carbon source than red algae. Fatty acid analysis
confirmed larger contribution of browns to diet and identified
bacterial and diatom component of detritus to be important to diet.
1Shepherd 1973 is split into two rows by study site: 1) West Island, Victoria and 2) Tipara Reef, Spencer Gulf, South Australia. Note that algae consumed by
abalone at these two sites were very different.
2L=Haliotis laevigata, R=Haliotis rubra, A=adult, J=juvenile, PL=postlarval and/or shell length reported in millimetres (mm).
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3Blackfellows

Cave (BC), Barkers Inlet (BI), Bluff Encounter Bay (BL), Boat Ramp at Port Lincoln (BR), Cape Banks (CA), Coffin Bay (CB), foreshore Encounter
Bay (FS), Passage between Golden and Price Islands (GI), Granite Island breakwater (GR), seagrass reef adjacent to Wright Island (SG), Taylors Island (TI), West
Island (WI), Wright Island (WI),
4W

= wild-caught algae, C = cultured algae, FF = formulated feed. Red algae: Anotrichium licmophorum (Al), Asparagopsis armata (Aa), Asparagopsis taxiformis (At), Champia
parvula (Cp), Doxodasya gulbrochaeta (Dg), Gigartina radula (Gr), Gracilaria confervoides (Gc), Graciliaria sp. (G), Grateloupia filicina (Gf), Heterosiphonia curdieana (Hc), Hypnea
sp., (H), Jeanerettia pedicellata (Jp), Jenerettia lobata (Jl), Laurencia botryoides (Lb), Laurencia filiformis (Lf), Laurencia sp. (L), Lomentaria sp. (Lom), Mychodea hamata (Mh),
Phacelocarpus apodus (Pha), Phacelocarpus spp. (Ph), Phacelocarpus peperocarpus (Php), Plocamium angustum (Pla), Plocamium dilatatum (Pld), Plocamium mertensii (Pm), Plocamium
preissianum (Pp), Plocamium spp. (Pl), Polysiphonia nigrita (Pn), Pterocladia capillacea (Pc), Sarcomenia dellosiriodes (Sd), Stenocladia australis (Sa), Wollastoniella myriophylloides (Wm),
Filamentous (F), Other red algae (OR), Lithothamnia (L), Corallina sp. (Cor), Corallinaceous spp, (Cora), Sporolithon durum (Spd), Geniculates (Gen): Haliptilon roseum
(Hr), Amphiroa anceps (Ama), Cheilosporum elegans (Ce), Jania sp (J), Digested reds (DR); Brown algae: Cystophora subfarcinata (Cs), Cystophora monilifera (Cm), Dictyota sp.
(Dic), Dictyopteris muelleri (Dm), Dilophus sp. (Dil), Durvillea potatorum (Dp), Ecklonia radiata (Er), Giraudya sphaelariodides (Gs), Halopteris spp. (H), Lobophora variegata (Lv),
Lobospira bicuspidata (Lob), Macrocystis augustifolia (Ma), Pachydictyon paniculatum (Pp), Phloeocaulon spectabile (Ps), Phyllospora comosa (Phc), Scytothalia dorycarpa (Sd), Zonaria spp
(Z), Chordariales (C), Green algae: Caulerpa brownii (Cb), Caulerpa cactoides (Cc), Caulerpa obscura (Co), Ulva australis (Ua), Ulva lactuca (Ul), Ulva rigida (Ur), Ulva spp. (U),
Ulvella lens (Ulens); Seagrasses: Amphibolis antarctica (Aa) Amphibolis spp. (A), Heterozostera tasmanica (Ht), Posidonia australis (Pa), Posidonia sinuosa (Pos), Detritus and other
browsed matter (D), Diatoms: Achnanthes longipes (Acl), Amphora sp. (Amp), Cocconeis sublittoralis (Cocs), Cocconeis sp. (Coc), Cylindrotheca closterium (Cyc), Licmophora spp.
(Lic,), Navicula jeffreyi (Nj), Navicula cf jeffreyi (Ncfj), Navicula spp. (Nav), Unknown group: Polycera nigrescens (Pn). Because algae are listed under subheadings (e.g. brown,
red, green) some redundancy was permitted in acronyms (e.g. Pp used for brown and red).
5FP=

Feeding preference, I = Intake/ingestion, GC= Gut or mouthpart content, AT= algal toughess, AC= algal content, G= growth, GR= Grazing, FA= Fatty
Acid, St= sterol composition, S= Survival, SI= Stable isotopes, BC= Biochemical Composition, D= Digestibility (after Hardy 1997, with energy content analyses of
feces and diet).
6FCE=Feed

conversion efficiency or efficiency with which food is converted to weight
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Table 2-4. List of algal species consumed for greenlip and blacklip abalone in Australia. Names are taken
from original literature and have not been updated (NT means not tested).

Food item
RED ALGAE
Anotrichium licmophorum
Asparagopsis armata
Asparagopsis taxiformis
Gigartina radula
Grateloupa filicina
Jeannerettia pedicellata
Jeanerrettia lobata

H. laevigata
NT
*
*
NT
NT
*
NT, NT, NT

Laurencia filiformis
*
Laurencia botryoides
NT
Phacelocarpus spp2
*
Plocamium mertensii
NT
Plocamium spp1
*
Polysiphonia nigrita
*
Pterocladia capillacea
Wollastoniella myriophylloides
*
“Filamentous” species3
*
Other red algae4
*
Lithothamnia
*
Corallina spp
*
Corallinaceous spp.5
*
Digested red algae or
*
unidentified species
BROWN ALGAE
Cystophora subfarcinata
*
Cystophora monilifera
*
Dictyota sp.
*
Dilophus sp.
Ecklonia radiata
-, NT, NT, NT

H. rubra
*
*
*
*
*
*
*, *, *
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*, *, *, *

Reference
Foale & Day 1992
Shepherd 1973
Shepherd 1973
McShane et al 1994
Foale & Day 1992
Shepherd 1973
Foale & Day 1992, McShane et al 1994,
Fleming 1995a
Shepherd 1973
Fleming 1995a
Shepherd 1973
McShane et al 1994
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973

Giraudya sphacelarioides
Halopteris spp.
Lobophora variegata
Lobospira bicuspidate
Macrocystis angustifolia

*
*
*
NT, NT, NT

*
*
*
*, -, *

Pachydictyon paniculatum
Phloeocaulon spectabile
Phyllospora comosa

*
*
NT, NT, NT

*
*, *, *

Zonaria spp.
Chordariales6
GREEN ALGAE
Caulerpa brownii
Caulerpa obscura
Ulva lactuca
Ulva australis
Ulva spp.
SEA GRASSES
Amphibolis spp.
Heterozostera tasmanica
Posidonia australis
Other (incl. detritus)

*

*
*

Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973, Foale & Day 1992,
McShane et al 1994, Fleming 1995a
Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973
Foale & Day 1992, McShane et al 1994,
Fleming 1995a
Shepherd 1973
Shepherd 1973
Foale & Day 1992, McShane et al 1994,
Fleming 1995a
Shepherd 1973
Shepherd 1973

NT
*
*, NT
NT
NT

*
*
*, *
*
*

Foale & Day 1992
Shepherd 1973
Shepherd 1973, McShane et al 1994
Fleming 1995a
Foale & Day 1992

*
*
*
*

*
*
*
*

Shepherd 1973
Shepherd 1973
Shepherd 1973
Shepherd 1973

1Including

P. mertensii (most common); other species recorded are: P. angustum, P. cartilagineum, P. preissianum and P.
leptophyllum.
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2Phacelocarpus
3Including

apodus and P. labillardieri both occur.

Rhabonia charoides, Dasya naccarioides group, Spyridia filamentosa, Heterosiphonia callithamnion

4Including

Gelidium australe, G. glandulaefolium, Ballia mariana, Cheilosporum elegans, Metagoniolithon stelligera, Mychalea
humata, Pterocladia lucida and Rhodophyllis multipartita.
5Including
6Two

Corallina cuvieri, Metagoniolithon stelligera, Jania sp. All epiphytic on Amphibolis Antarctica

similar species occur Bactrophora filum and Polycerea nigrescens

2-75

20.04.10

2.7 References Section II
Boarder, S. J. and M. Shpigel. 2001. Comparative performances of juvenile Haliotis roei fed on
enriched Ulva rigida and various artificial diets. Journal of Shellfish Research 20(2): 653-657.
Bunting, S. W. and M. Shpigel. 2009. "Evaluating the economic potential of horizontally
integrated land-based marine aquaculture." Aquaculture 294(1-2): 43-51.
Corazani, D. and J. Illanes. 1998. Growth of juvenile abalone Haliotis discus hannai Ino 1953 and
Haliotis rufescens Swainson 1822, fed with different diets. Journal of Shellfish Research 17: 663666.
Daume, S. 2003. Early life history of abalone (Haliotis rubra, H. laevigata): Settlement, survival and
early growth. Final report for FRDC project 1998/306. Department of Fisheries. Western
Australia. Fisheries Research Contract Reports(3): 1-110.
Daume, S. 2006. The roles of bacteria and micro and macro algae in abalone aquaculture: A
review. Journal of Shellfish Research 25(1): 151-157.
Daume, S., S. Brand-Gardner, W.J. Woelkerling. 1999. Preferential settlement of abalone larvae:
diatom films vs. non-geniculate coralline red algae. Aquaculture 174(3-4): 243-254.
Daume, S., M. Davidson, S. Ryan, F. Parker. 2007. Comparisons of rearing systems based on
algae or formulated feed for juvenile greenlip abalone (Haliotis laevigata). Journal of Shellfish
Research 26(3): 729-735.
Daume, S., S. Huchette, S. Ryan, R.W. Day. 2004. Nursery culture of Haliotis rubra: the effect of
cultured algae and larval density on settlement and juvenile production. Aquaculture 236(1-4):
221-239.
Daume, S., A. Krsinich, S. Farrell, M. Gervis. 2000. Settlement, early growth and survival of
Haliotis rubra in response to different algal species. Journal of Applied Phycology 12(3-5): 479488.
Daume, S., B. M. Long, P. Crouch. 2003. Changes in amino acid content of an algal feed species
(Navicula sp.) and their effect on growth and survival of juvenile abalone (Haliotis rubra). Journal
of Applied Phycology 15(2-3): 201-207.
Day, R. W. and P. Cook 1995. Bias towards brown algae in determining diet and food
preferences: the South African abalone Haliotis midae. Marine and Freshwater Research 46(3):
623-627.
Dunstan, G. A. 2010. A simple model for the determination of the relative utilization efficiency
of protein by blacklip abalone (Haliotis rubra Leach). Aquaculture Nutrition 16(1): 1-12.
Dunstan, G. A., H. J. Baillie, S.M. Barrett, J.K. Volkman. 1996. Effect of diet on the lipid
composition of wild and cultured abalone. Aquaculture 140(1-2): 115-127.
Fleming, A. E. 1991. The nutritional biology of the blacklip abalone, H. rubra. PhD Thesis,
University of Melbourne, Melbourne. : 1-99.

2-76

20.04.10
Fleming, A. E. 1995a. Digestive efficiency of the Australian abalone Haliotis rubra in relation to
growth and feed preference. Aquaculture 134(3-4): 279-293.
Fleming, A. E. 1995b. Growth, intake, feed conversion efficiency and chemosensory preference
of the Australian abalone, Haliotis rubra. Aquaculture 132(3-4): 297-311.
Fleming, A. E., R. J. Van Barneveld, P.W. Hone. 1996. The development of artificial diets for
abalone: A review and future directions. Aquaculture 140(1-2): 5-53.
Foale, S., R. Day. 1992. Recognizability of algae ingested by abalone. Australian Journal of
Marine and Freshwater Research 43(6): 1331-1338.
Freeman, K. 2001. Aquaculture and related biological attributes of abalone species in Australia- a
review. Fisheries Western Australia 128 (Fisheries Research Report): 1-48.
Garland, C., S. Cooke, J.F. Grant, T.A. McMeekin. 1985. Ingestion of the bacteria on and the
cuticle of crustose (non-articulated) coralline algae by post-larval and juvenile abalone (Haliotis
ruber Leach) from Tasmanian waters. Journal of Experimental Marine Biology and Ecology 91:
137-149.
Graham, F., T. Mackrill, M. Davidson, S. Daume. 2006. Influence of conditioning diet and
spawning frequency on variation in egg diameter for greenlip abalone, Haliotis laevigata. Journal of
Shellfish Research 25(1): 195-200.
Guest, M. A., P. D. Nichols, S.D. Frusher, A.J. Hirst. 2008. Evidence of abalone (Haliotis rubra)
diet from combined fatty acid and stable isotope analyses. Marine Biology 153(4): 579-588.
Hay, M. E., W. Fenical 1988. Marine plant-herbivore interactions - the ecology of chemical
defence." Annual Review of Ecology and Systematics 19: 111-145.
Heasman, M. P. 2006. In pursuit of cost-effective fisheries enhancement of New South Wales
blacklip abalone, Haliotis rubra (Leach) fishery. Journal of Shellfish Research 25(1): 211-224.
James, D. S., R. W. Day, S.A. Shepherd. 2007. Experimental abalone ranching on artificial reef in
Port Phillip Bay, Victoria. Journal of Shellfish Research 26(3): 687-695.
Johnson, C. R. and K. H. Mann. 1986. The importance of plant defence abilities to the structure
of subtidal seaweed communities - the kelp Laminaria longicrudis survives grazing by the snail
Lacuna vincta (Montagu) at high population densities. Journal of Experimental Marine Biology and
Ecology 97(3): 231-267.
McShane, P., H. Gorfine, I.A. Knuckey. 1994. Factors influencing food selection in the abalone
Haliotis rubra (Mollusca: Gastropoda). Journal of Experimental Marine Biology and Ecology 176:
27-37.
Naidoo, K., G. Maneveldt, K. Ruck, J.J. Bolton. 2006. A comparison of various seaweed-based
diets and formulated feed on growth rate of abalone in a land-based aquaculture system. Journal
of Applied Phycology 18(3-5): 437-443.
Neori, A. 2008. Essential role of seaweed cultivation in integrated multi-trophic aquaculture
farms for global expansion of mariculture: an analysis. Journal of Applied Phycology 20(5): 567570.

2-77

20.04.10
Parker, F., M. Davidson, K. Freeman, S. Hair, S. Daume. 2007. Investigation of optimal
temperature and light conditions for three benthic diatoms and their suitability to commercial
scale nursery culture of abalone (Haliotis laevigata). Journal of Shellfish Research 26(3): 751-761.
Paul, N. A., R. de Nys, P. D. Steinberg. 2006. Seaweed-herbivore interactions at a small scale:
direct tests of feeding deterrence by filamentous algae. Marine Ecology Progress Series 323: 1-9.
Qi, Z., H. Liu, B. Li, Y. Mao, Z. Jiang, J. Zhang, J. Fang. 2010. Suitability of two seaweeds,
Gracilaria lemaneiformis and Sargassum pallidum, as feed for the abalone Haliotis discus hannai Ino.
Aquaculture 300(1-4): 189-193.
Ruppert, E., R.D. Barnes, R.S. Fox. 2004. Invertebrate Zoology: A Functional Evolutionary
Approach. Belmont, California, Thomson, Brooks/Cole.
Serviere-Zaragoza, E., A. Mazariegos-Villareal, G. Ponce-Diaz, S.M. Magallon. 2001. Growth of
juvenile abalone, Haliotis fulgens Philippi, fed on different diets. Journal of Shellfish Research 20:
689-693.
Shepherd, S. 1973. Studies on southern Australian abalone (Genus Haliotis). I. Ecology of five
sympatric species. Australian Journal of Marine and Freshwater Research 24: 217-257.
Shepherd, S. and J. Cannon. 1988. Studies on southern Australian abalone (genus Haliotis) X.
Food and feeding of juveniles. Journal of the Malacological Society of Australia 9: 21-26.
Shepherd, S. and P. Steinberg. 1992. Food preferences of three Australian abalone species with a
review of the algal food of abalone. Abalone of the World: Biology, fisheries and culture: 169181.
Shepherd, S. A. and W. S. Hearn. 1983. Studies on southern Australian abalone (genus Haliotis).
4. Growth of Haliotis laevigata and Haliotis ruber. Australian Journal of Marine and Freshwater
Research 34(3): 461-475.
Shpigel, M., A. Marshall, I. Lupatsch, J.P. Mercer, A. Neori. 1996. Acclimation and propagation
of the abalone Haliotis tuberculata in a land-based culture system in Israel. Journal of the World
Aquaculture Society 27(4): 435-442.
Simpson, B. J. A., P. A. Cook. 1998. Rotation diets: A method of improving growth of cultured
abalone using natural algal diets. Journal of Shellfish Research 17(3): 635-640.
Steinberg, P. D. 1988. "Effects of quantitative and qualitative variation in phenolic-componds on
feeding in 3 species of marine invertebrate herbivores. Journal of Experimental Marine Biology
and Ecology 120(3): 221-237.
Strain, L. W. S., A. Isdepsky, M. A. Borowitzka, S. Daume. 2007. Three algal propagation
methods assessed to create a rhodophyta diet for juvenile greenlip abalone (Haliolis laevigata) in
the later nursery phase. Journal of Shellfish Research 26(3): 737-744.
Su, X. Q., K. N. Antonas, D. Li. 2004. Comparison of N-3 polyunsaturated fatty acid contents of
wild and cultured Australian abalone. International Journal of Food Sciences and Nutrition 55(2):
149-154.
Taylor, M. H. and E. Tsvetnenko (2004). "A growth assessment of juvenile abalone Haliotis
laevigata fed enriched macroalgae Ulva rigida." Aquaculture International 12(4-5): 467-480.

2-78

20.04.10
Troell, M., D. Robertson-Andersson, R.J. Anderson, J.J. Bolton, G. Maneveldt, C. Halling, T.
Probyn. 2006. Abalone farming in South Africa: An overview with perspectives on kelp
resources, abalone feed, potential for on-farm seaweed production and socio-economic
importance. Aquaculture 257(1-4): 266-281.
Van Alstyne, K. L. and V. J. Paul. 1990. The biogeography of polyphenolic compounds in marine
macroalgae - temperate brown seaweed defences deter feeding by tropical herbivourous fishes.
Oecologia 84(2): 158-163.
Vandepeer, M. E. and R. J. Van Barneveld. 2003. A comparison of the digestive capacity of
blacklip (Haliotis rubra) and greenlip (Haliotis laevigata) abalone. Journal of Shellfish Research
22(1): 171-175.
Viana, M., L. M. Lopez, A. Salas. 1993. Diet development for juvenile abalone Haliotis fulgens.
Evaluation of two artificial diets and macroalgae. Aquaculture 117: 149-156.
Watson, D., S. Daume, J. Prince, L. Beazley, B. Knott. 2004. The influence of light intensity on
the density of different diatoms as feed for juvenile greenlip abalone (Haliotis laevigata).
Aquaculture 235(1-4): 345-359.
Wells, F. and J. Keesing. 1989. Reproduction and feeding in the abalone Haliotis roei Gray.
Australian Journal of Marine and Freshwater Research 40: 187-197.
Wilson, B. 1993. Australian Marine Shells. Kallaroo, Western Australia, Odyssey Publishing.
Winter, F. C. and J. A. Estes. 1992. Experimental evidence for the effects of polyphenolic
compounds from Dictyoneurum-californicum (Phaeophyta, Laminariales) on feeding rates and
growth in the red abalone Haliotus-rufescens Swainson." Journal of Experimental Marine Biology
and Ecology 155(2): 263-277.

2-79

20.04.10

2-80

20.04.10

3 Potential suitable species of endemic and non-endemic
algae to culture, including their composition
This section of the report reviews algae suitable for cultivation, with special consideration for
seaweed genera considered appropriate for sub-adult and adult greenlip, H. laevigata, and blacklip,
H. rubra, abalone in Australia. Although many studies address algal cultivation for species that are
not found in Australia, cultivation information may be applicable to different species from the
same genus that do occur in Australia. Section I concluded that targeted species and multi-species
seaweed diets are favorable for good abalone growth and survivorship, inclusive of red, brown
and green macroalgae, and these are included here. Microalgae cultivation and composition
(Renaud et al. 1994 for tropical Australia, Borowitzka 1997, Brown et al. 1999) and cultivation
work with coralline algae (both important to abalone early life stage abalone culture) were outside
the scope of this study.
One hundred studies were surveyed in total to examine seaweed cultivation trends (Table
3-7), in addition to 11 reviews that did not supply data. The studies reviewed were classified for:
1) representation by algal groups (red, green and brown), 2) algal genera examined, 3)
application/ focus of study, 4) country and 5) recent research output (Table 3-1).
Table 3-1. Classification of publications reviewed for algal cultivation systems.

Algal
Group, %

Main Genera
(# studies)

Red: 50%

Chondrus (4), Chondracanthus
(1), Eucheuma (2) Gracilaria
(32), Gelidium (4), Palmaria
(5), Porphyra (4), Hypnea (3)

Brown: 18%

Ecklonia (3), Laminaria (6),
Lessonia (2), Macrocystis (3),
Undaria (2)

Green: 32%

Codium (3), Enteromorpha (4),
Ulva (28)

Application

Countries
(# + top 3 reported)

Human consumption,
stabilizers (alginate,
carageenan, agar),
bioremediation,
IMTA
Bioremediation,
Abalone feed

16 countries, 1. USA
(12), 2. South Africa
(10), 3. China (7)

Human consumption,
bioremediation,
IMTA

9 countries, 1. China
(4), 2. Chile (3), 3.
USA, Germany,
South Africa (2)
12 countries, 1. USA
(8), 2. South Africa
(6), 3. Israel (4)

Recent
research
(≥2000)
28 (56% of
total reds)

13 (72% of
total reds)
20 (62.5% of
total reds)

3.1 Background
Seaweed cultivation has a long history, perhaps best exemplified by cultivation of Porphya
(nori) in Japan for the past several hundred years (Neori et al 2004, Kim et al 2007). Today,
approximately 200 species of seaweeds are cultivated worldwide, with about ten species
intensively cultivated (Table 3-2). The bulk of cultivation for reds and browns is carried out by
China, Korea, Japan and the Philippines (FAO 2009).
Algae are grown and wild-harvested for a wide diversity of uses including: human
consumption (e.g. nori: Oohusa et al. 1993, aonori: Ohno 1993), phycocolloids (carageenan,
alginate and agar) production (McHugh 1991, Friedlander 2008, Rothmann et al. 2009), phyco
supplements (Reddy et al., 2010), bioremediation (Troell et al. 1999, Kang et al. 2008, Mata et al
2010) and for use as livestock (grazers, finfish & invertebrate) feeds (Luning & Pang 2003, Neori
2008, Bunting & Sphigel 2009), nutraceuticals and pharmaceuticals (Reddy et al. 2010, Winberg et
al., 2009). Historically important uses are for food and phycocolloids with a clear emphasis on
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red algae. Bioremediation, phycosupplements and livestock (cattle, poultry, finfish and
invertebrate feeds) are much newer developments and green and brown algae are most often
used for these applications, although Gracilaria and Asparagopsis sp. are also being used for this
work (Mata et al. 2010, Buschmann et al. 2001).
Table 3-2. Genera and production of green, red, brown and total seaweed biomass globally between 2002 –
2008 (Luning & Pang 2003 and Source FAO FIGIS data 2009).

14

Total
production

12
10
Million tonnes

Seaweed
production
Red
Porphyra
Eucheuma
Kappaphycus
Gracilaria
Chondrus
Brown
Laminaria
japonica
Undaria
pinnatifida
Green
Monostroma
Enteromorpha

8

Red
Brown

6
4
2
0
2002

2004

2006

Green (app
2008 10k tonnes)

Bioremediation is a fast growing field of research with recent initiatives underway in South
America, Asia and the Middle East, Canada, USA and only recently in Australia (Winberg et al.
2010). This work is particularly relevant to the cultivation of abalone and indeed other marine
species, including finfish and prawns, as effluent of cultivated fish and invertebrates can be
remediated by seaweeds, and the final product is generally protein enhanced and suitable for
abalone feed in particular. Growing literature on seaweed cultivation expressly for abalone
aquaculture includes an extensive literature base of theses and reports and some published
literature on seaweed growth in abalone aquaculture effluents and efficiency/benefit of algal diets
(Demetropoulos & Langdon 2004 a,b,c, Fourie 1994, Hampson 1998, Steyn 2000, Njobeni
2006). Studies involving abalone were especially sought, with inclusion of unpublished student
theses because of their direct relevance to the goals of this review.
Similar to the review on abalone feeding trials in section I, seaweed cultivation success,
growth rates and nutritional value still differs greatly among studies, even those using the same
species. This is a consequence of different experimental conditions, technology, skills and
methodologies, and is to be expected in what is still an early stage of research compared to
terrestrial crops. For example, growth rates of seaweeds can vary greatly among the same species
due to multiple variables and their interactions including tank size (Table 3-3), pH, salinity, light,
water exchange and flow rates. Such differences are only amplified when comparing cultivation
of the same species in sea-based versus land-based systems. However the growth rates achieved
across studies range from 10-120g m-2 day-1 (Winberg 2008) and common rates of between 2040g m-2 day-1 exceed land crop production rates in many cases.
Growth rates tend to increase with tank based cultivation systems, increased nutrients, light
and temperature, thus bioremediation systems hold great promise. However, certain species and
systems, particularly for brown seaweeds, are more suited to sea-based cultivation and may also
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reduce runnings costs of cultivation. Thererfore, a range of seaweeds that may be suitable as
abalone feed may incude a range of cultivation systems that are most suitable to a particular type
of seaweed and location.
Table 3-3. The influence tank size has on growth rates (% day-1) of Ulva and Gracilaria species (Hampson
1998, Steyn 2000, Robertson-Andersson 2003, Njobeni 2006).

Tank
Size (L)
95
100
400
3150
180000

Ulva
Summer
4.4
8-12.1
6.5-11.2
4.5-8.1
0.2

Ulva
Winter
3.8-4.9
4.2-4.8
1.9-5.0
2.3-4.1

Gracilaria
Summer
3.1-5.5
3.0-3.5
3.0-3.2
4.5-6.8
0.2

Gracilaria
Winter
4.7-7.5
2.7-2.8
2.6-2.8
1.5-2.1

The effect of geographic and seasonal (e.g. summer/winter temperature) differences, ocean
nutrient conditions and other oceanographic conditions (upwelling/non-upwelling coasts, El
Nino/La Nina) are important to consider for both land and sea-based cultivation systems. For
example, although Chile may be a useful proxy for Australia regarding seaweed aquaculture, as
both are temperature/subtropical southern hemisphere regions, western Chile experiences
significant upwelling and nutrient rich waters which is in stark contrast to the east coast of
Australia.

3.2 Endemic and non-endemic macroalgae that have been
successfully cultivated; including composition/nutrient
profiles
3.2.1 Red Algae
Half of the literature surveyed (50%) reported on cultivation aspects of red macroalgae.
The compiled literature spans 27 years (1983-2010), with early studies detailing „exploratory‟
cultivation of red macroalgae rich in agar, carageenan and alginate resources. These studies were
often most concerned with optimal growth rates and high yields of target compounds and
represent a diversity of countries intent on capitalizing on an emerging industry (Norway:
Rueness & Tanager 1984, Corsica: Mollion 1984, USA: Hanisak & Ryther 1984). More recently,
research on red seaweed mariculture has diversified to include some highly specific and applied
uses in health/cosmetics (Mata 2010), aquaculture (Marquardt et al. 2010) and bioremediation
and IMTA (Mao et al. 2009). In addition, mistakes learned along the way, such as decreased
resistance to disease through selection of fast growing cultivars and narrow genetic diversity
(Reddy 2010) are being addressed through more sophisticated selective breeding programs.
Chondracanthus + Chondrus
Five studies reported on cultivation of Chondracanthus and Chondrus (Table 3-7).
Endemism
Neither Chondracanthus nor Chondrus are represented in Australia.
Growth and Composition
Asare and Harlin (1983) surveyed seasonal variation in nutrients in five species of
macroalgae, including Chondracanthus chamissoi in the USA (temperate Rhode Island Sound,
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western Atlantic ocean). All species showed similarities in pattern of seasonal fluctuation in both
nitrate and total nitrogen. The greatest accumulation (Jan-Mar) of nitrogen in the tissue coincided
with a period of high concentration of inorganic nitrogen in the water and least growth. Lowest
tissue nitrogen (≤50% of winter value, May-July) coincided with period of lowest concentration
of inorganic nitrogen in the water and highest growth. This species is therefore not regarded as
suitable for nitrogen stripping and bioremediation, in contrast to the genus Ulva (see below). Of
the five species tested, the greatest concentration of total tissue nitrogen was measured in the
only red tested, C. chamissoi with 4.8% dry weight, double the maximum in one of the brown
algae Laminaria saccharina tested.
Mollion (1984) tested the ability to grow two species of red macroalgae in outdoor tanks
in Corsica, temperate Chondrus crispus and tropical Hypnea musciformis. C. crispus was best adapted to
winter conditions, but did survive through summer.
Growth of Chondrus crispus under differing carbon injection amounts was tested in
outdoor paddle wheel tanks (260m2 to 1000m2) in France to find the minimum amount needed
to achieve maximum algal growth (Braud & Amat 1996). Production peaked at pH 8-8.2, with
the economic optimum for pH regulation at 8.4-8.5, where CO2 injection was greatly reduced
(~29%) for only a slight decrease in production (~4%). A complementary source of carbon was
found in underground salt water with a high and stable DIC concentration ([C] = 10.15 ± 0.25
mM) and with mixing allowed further economy of CO2 (~20% at pH 8.5) and nutrients (~12%),
cutting costs by about 17%.
Zertuche-Gonzalez et al. (2001) compared growth of Chondrus crispus in Mexico in landbased tanks and sea-based, semi-exposed net-tubing technique „farming units‟. Tank growth was
regulated by density, with highest growth rates in lowest density (3 kg m2=3% day-1) however,
biomass yield wk-1 was higher in more densely packed tanks (e.g. 857 g wk-1 at 9 kg m2 vs. 680 g
wk-1 at 3 kg m2). Growth rates at the sea-based farm unit were lower than in tanks, at 1-2% per
day, with 1.3% per year average day-1 producing 157 g wet wt m-1 of net every 21 days (with
seeding density of 500 g m-1 of net). Results were compared with Eucheuma, another alga
harvested for carageenan, and it was found that although the cost of cultivating C. crispus was
more, C. crispus produces much more carageenan/plant (almost double, wet weight).
Outdoor tank cultivation methods were tested for agar producing Chondrus canaliculatus in
Chile (Edding et al. 2008). Productivity was reported as seasonally variable with 40 g m-3wk-1 in
autumn and 200 g m-3wk-1 in spring. Continuous production, observed for this species cultivated
in tanks, could permit a mean harvest of 6.5 wet kg year-1 m-3 (128 g dw m-3 wk-1) at the most
favourable densities. Similar productivity values have been reported for Gracilaria chilensis (125 g
dw m-3 wk-1)(Edding 1995), Chondracanthus chamissoi (160 g dw m-3 wk-1) and Ulva (92 g dw m-3 wk1) cultivated in the same tank system. Total productivity did not change significantly at different
nutrient concentrations. Effects of self-shading were among the most important limiting factors
in culture. Epiphytism was problematic and was controlled by introducing high concentrations of
nutrients (e.g. >125N:8.3 P), however this was reported to result in declined productivity of the
target species, C. canaliculatus.
Acadian Seaplants Limited is a world leader outside of Asia for the cultivation of
Chondrus sp. in tanks and this Canadian-based company have moved from production for
phycocolloids to higher value human food markets in Japan (Reddy 2010).
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3.2.1.1 Eucheuma
Five species of Eucheuma were examined in two studies (Table 3-7).
Endemism
The genus Eucheuma is not represented in Australia. Species of this genus are considered
as invasive marine pests where they have been introduced and cultivation of this species is not
recommended for Australia.
Growth and Composition
Eucheuma denticulatum and Eucheuma striatum were cultivated in Madagascar using seabased fixed bottom stake and monoline techniques (Mollion & Braud 1993). Both species
exhibited similar maximum growth rates (as SGR) of 2.8% d-1 occurring in fall and summer,
respectively with minimum growth for both species in the warmest months (Feb. through Mar.).
Mean growth rates were relatively low but the high standard deviations reported suggest strain
selection could produce improved growth. Preliminary selection experiments led to strains
resistant to breakage and increased growth rates (up to 3.3% d-1). „Ice-ice‟ disease was a problem
at the site from Jan-Mar.
Lirasan & Twide (1993) cultivated Bohol, Philippines strains of Eucheuma spinosum,
Eucheuma serra and Eucheuma cottoni in Tanzania using sea-based fixed bottom stake and monoline
techniques. Daily growth rates (DGR) of E. spinosum were 6-7% (initiated in July), 4.5% in colder
months (May-Aug), but poor in other months. Eucheuma cottoni contracted ice-ice disease, was
plagued by epiphytes and in general, grew poorly. Commercial farming was undertaken following
trials and test plantings in 1990 and yielded 246t dry E. spinosum from ~1200 farms, with 90%
coming from the Jambiani area. In 1991, E. spinosum farming spread and yielded 1514 t, with
close to 2000t if newcomers were added. Projections were 3000 t in 1992 and at full capacity; the
expected yield for Eucheuma was 5-6000t along the east coast of Tanzania.
The above methods of cultivation are considered labour intensive and of limited
suitability to Asutralian socio-economic conditions.
3.2.1.2 Gracilaria
Gracilaria was the most studied genus of cultivated red algae reported in this survey,
comprising 65% of red algal publications and 31% of total literature (Table 3-7). Eleven species
of Gracilaria were examined in the literature surveyed. This is the highest diversity of species
examined of any genus surveyed and largely reflects the interest of various countries in cultivating
their local representative. G. gracilis was the most cultivated species of red algae (8 studies).
Endemism
Although the genus Gracilaria is represented in Australia, none of the species included in
the surveyed literature are native in the coastal waters of Australia. Australia does however have a
wide range of local native species of Gracilaria as well as potentially introduced ones that hold
potential for cultivation and as an abalone feed.
Growth and Composition
3.2.1.3 Gracilaria chilensis
Buschmann et al. (2008) examined Gracilaria chilensis sea-based culture on a 100 m long
line located 100 m from a salmon farm in Chile and reported that 1 m depth was the best culture
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depth. The growth rate was 4% day-1 and maximum growth occurred in spring with an average of
2.8 kg m-2 month-1. G. chilensis used available nitrogen efficiently, with a nitrate uptake rate (µM
NO3 g(DW)-1h-1) of 4.9 2.3. High intensities of solar radiation (UV and PAR) were found to be
critical at low depths at noon during the summer. Although Gracilaria showed higher nitrogen
uptake than Macrocystis, the low market value in Chile of the former does not yet lend itself to
massive commercial scaling. Harvesting complete bundles of G. chilensis and avoiding repeated
cuts of algal bundles reduced epiphytism.
Acclimatisaion strategies of three species of commercially important red algae (Gracilaria
chilensis, Mazzaella laminarioides and Sarcothalia crispata) for agar and carageenan production were
tested to examine usability in vertically structured integrated aquaculture in southern Chile
(Marquardt et al. 2010). Comparisons made between algae exposed to the full range of irradiance
variability in the field due to tidal motion were compared to those grown in buoyant long line
aquacultures at different depths (1, 3, 5, 7 m). All algae tested in aquaculture acclimatised to the
irradiance at the respective cultivation depth, but used different strategies to do so. Gracilaria
chilensis performed well, exhibiting good primary productivity at all depths, but not as an
overstorey species in a multilevel culture.
3.2.1.4 Gracilaria gracilis
Smit et al (1996) reported maximum growth rates in 45L glass aquaria of ~ 35% wk-1
obtained at 1200 µM NH4-N for South African Gracilaria gracilis. Algae were able to grow at nonnitrogen limited rates using only internal nitrogen stores to sustain growth for 1 week before the
growth rate decreased to ~17% per week. NH4-N pulse frequency did not affect growth rate but
1 pulse per week led to marked decrease in total nitrogen, protein, phycoerythrin and chlorophyll
A. An increase in pulse frequency to 2 pulses per week doubled the protein content from
2.351±0.143 to 4.453±0.09% (per unit dry mass). Carbohydrate content was inversely related to
nitrogen storage and the growth rate in fouled tanks was always lower than in clean tanks.
Anderson et al. (1999) examined the seasonal influence of Gracilaria gracilis cultivation
closer to (treatment) and further from (control) a sea-based fish waste site in South Africa. In
Oct and Nov 1996, all the G. gracilis at the control site died, while growth at the fish waste site
was good (between 8 and 10% day-1). In Nov.-Dec. control plants grew slightly faster than those
from the waste site, in Feb. the reverse occurred, and subsequently (Mar.-June) growth was
similar at both sites as winter winds caused mixing. Analyses of the stable nitrogen isotope ratios
in G. gracilis tissues indicated that considerable uptake of the fish-waste nitrogen occurred, even at
the control site. One of the major conclusions was that the fish waste provided a significant
source of nitrogen for seaweed cultivated throughout the northern area of Small Bay, particularly
in summer when stratification was high.
Waikibia et al. (2001) examined growth rates in sea-based suspended cultivation of three
strains of Gracilaria gracilis in South Africa. Polypropylene ropes were compared with „netlon‟
(plastic tubular netting developed for Gracilaria farming) lines. Relative growth rates (RGRs) were
4.0-11.0% day-1 on polypropylene ropes and 5.0-7.0% day-1 on „netlon‟ lines, respectively. The
RGR of Langebaan G. gracilis isolate grown on ropes was significantly higher than RGR of other
isolates. The mean net yield for Langebaan G. gracilis isolate grown on „netlon‟ lines was 2.6±0.9
kg wet wt m-2 30-day-1. Although this site was considered suitable for gracilarioid cultivation,
occasional low oxygen events led to high H2S in water (black tides) resulting in almost 100%
mortality of inshore biota, including seaweeds.
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Martinez-Aragon et al. (2002) examined phosphate uptake in two green (Ulva rotundata,
Enteromorpha intestinalis) and a red alga (Gracilaria gracilis) under laboratory conditions (2L
volumetric flasks) in Spain. The maximum velocity of phosphate uptake was for U. rotundata
(2.86 µmol PO4 g-1dry wt h-1), not surprisingly, this species also showed the highest affinity for
phosphate. At low flow rates (< 2 volumes d-1), all three species efficiently filtered phosphate,
with a minimum efficiency of 60.7% (U. rotundata). Net phosphate uptake rate was significantly
affected by the water flow, being greatest at the highest flow rate (2 volumes d-1). A significant
correlation was found between growth rates and the net P biomass gained in the cultures.
In a companion study to that summarized previously, Hernandez et al. (2002) examined
ammonium uptake under the same laboratory conditions for the same three algal species. At low
water flow (< 2 volumes d-1), Ulva rotundata, Enteromorpha intestinalis and Gracilaria gracilis stripped
the dissolved ammonium (from fish tank waste water). Under minimum flow conditions,
unstarved cultures of G. gracilis exhibited a minimum biofiltering efficiency estimate of 61%.
While U. rotundata showed maximum velocity for ammonium uptake (89.0 NH4+ g-1dry wt h-1),
G. gracilis had the highest affinity for this nutrient. Like net phosphate uptake rates, net
ammonium uptake rate was significantly affected by the water flow, being greatest at the highest
flow (2 volumes d-1). Variations of tissue nitrogen and C: N ratios suggested that nitrogen was
not limiting macroalgal growth. As for phosphate, a significant correlation was found between
growth rates and the nitrogen biomass gained in the cultures.
Although the focus of the study by Naidoo et al. (2006) was to compare growth of
Haliotis midae on a range of different diets, some of the findings are relevant to seaweed
cultivation. Results showed that abalone grew well on all fresh seaweed combinations, but grew
best on a mixed diet that included Gracilaria gracilis. Abalone fed on the mixed diet grew at 0.066
mm day-1 shell length and 0.074 g day-1 body weight; this corresponds to 24.09 mm shell length
and 27.01 g body weight increase per annum. Abalone grown on Abfeed (R) grew at 0.049 mm
day-1 shell length and 0.046 g day-1 body weight which corresponds to 17.88 mm and 16.79 g
increase per annum; this is better than the dried seaweed feeds, but poorer than the fresh
seaweed combinations. The success of the mixed diet was inferred to be a result of farm-grown,
protein-enriched Gracilaria gracilis and Ulva lactuca.
Robertson-Andersson et al. (2009) described a relationship between thallus color and
tissue nitrogen in raft-cultivated Gracilaria gracilis grown in South Africa. The transition between
green-yellows and yellow-browns that occurs between 0.8 and 1.3 mg N per g tissue (Pantone
colors 460U-455U) indicates nutritional status of the algae, with the green yellow colors
indicating nitrogen-starved material and the yellow browns indicating nitrogen-replete material.
This relationship is useful for seaweed farmers as quick guide to determine nutritional status and
as an indication of protein content for use as feeds.
3.2.1.5 Gracilaria lemaneiformis
Specific growth rate increased when N/P concentrations increased from 50/3.13
µmol/L to 400/25 µmol/L, but decreased significantly after 400/25 µmol/L. At 600/37.5
µmol/L chloroplast damage occurred. Other measured variables showed broadly similar trends
to specific growth rate over a range of N/P concentrations.
Four Gracilaria lemaneiformis treatments with increasing seaweed densities (1:0.16, 1:0.33,
1:0.61, 1:0.80) were co-cultivated with the scallop Chlamys farreri in an experimental IMTA system
for 3 wks in indoor laboratory tanks (3m3) in China (Mao et al. 2009). The maximum reduction
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efficiency of ammonium was 83.7% and 70.4%, respectively, and maximum uptake rate of the
same nutrients was 6.3 and 3.3 µmol g-1 DW h-1.
3.2.1.6 Gracilaria pacifica
Naldi & Wheeler (1999) conducted nutrient-enrichment tests on two species of
macroalgae (green algae Ulva fenestrata and red algae Gracilaria pacifica) in the laboratory (7-L tubs)
in Oregon (USA). Total nitrogen levels in G. pacifica increased more under ammonium than
under nitrate enrichment. Proteins and free amino acids (FAA) were the most important nitrogen
storage pools. Protein-nitrogen ranged from 700 to 2300 µmol N g dw-1 (43%-66% of total
nitrogen (TN)) and contributed most to TN increase (41%-89%). The FAA pool was always
larger in G. pacifica than U. fenestrata. In both species, FAA pool accounted for 4%-17% of TN
(70-600 µmol N g dw-1). U. fenestrata used nitrate as a temporary storage pool, while G. pacifica
simply had a smaller nitrate pool. The phycoerythrin pool was a less important storage pool than
FAAs in G. pacifica.
3.2.1.7 Gracilaria parvispora
Commercial production of Gracilaria parvispora for human consumption using shrimp
farm effluents and utilizing a 2-phased system that incorporated land-based (shrimp effluent
drainage ditch) and sea-based (floating cage grow-out) components was trialed in Hawaii (Nelson
et al 2001). Mean relative growth rates (RGRs) of effluent-enriched thalli ranged from 8.8-10.4%
day-1, a significant increase in growth (from 4.6% day-1) over thalli fertilized with inorganic
fertilizer. Thalli grown in effluent ditch also showed lower growth rates (4.7% day-1) than cageculture and these lower rates were similar to that for thalli fertilized with inorganic fertilizer. In
cage-culture, thallus nitrogen declined without fertilization to about 1% and C:N increased to
between 20-30. N content rebounded following transfer to the shrimp effluent ditch and
increased over 5 days to 3%, with C:N near 10.
Nagler et al. (2003), studying optimal growth of Gracilaria parvispora in Hawaii, reported
that small, daily additions of ammonium sulfate and ammonium diphosphate were the only
additions needed to stimulate growth in a biphasic system of land-based tanks and floating cage
culture (for grow out). Moreover, fish-culture water (effluent) was as effective as a chemical
fertilizer in supporting algal growth. Thalli fertilized for 7 days in tanks contained 2.5-5%
nitrogen in tissues by the end of the treatment period; upon transfer to low-nutrient water,
nitrogen content decreased to 1% as the nitrogen was mobilized to support growth. Thalli grew
rapidly over the first 14 days after transfer from fertilizer tanks to the ocean, achieving relative
growth rates of 8-10% day-1 and producing 39-57 g dry wt. m-2 day-1. By 21 days after ocean
transfer, growth ceased due to depletion of stored nutrients. Other observation from this study
include: 1) optimal stocking density was 2 kg m-3 based on growth rates, 2) nearly all net growth
occurred in the cages not fertilizer tanks, which served only to introduce nitrogen into the thalli
and that 3) yields were ~4x higher than achieved previously with G. parvispora (maybe compared
with inorganic enrichment (4.6%), but almost identical to those reported by Nelson et al. (2001)
of 8.8-10.4% day-1).
3.2.1.8 Gracilaria verrucosa
Rueness & Tananger (1984) examined growth rates for representatives of Gelidium spp.
and Gracilaria verrucosa in land-based laboratory tanks in Norway. G. verrucosa grew best at 240C,
the highest temperature tested and at salinities of 30‰, similar to that reported for Gelidium spp.
The study found that none of the species tested were viable cultivation candidates due to their
low yields and slow growing natures.
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Li et al. (1984) explored sea-based raft culture of Gracilaria verrucosa and G. sjoesedtii in
China. A Gracilaria fragment after 2 months of cultivation would be about 50 cm long and weigh
about 55 g with possible maximum of 1.4 m length and 170 g on rafts. These growth results were
never possible in natural intertidal populations. For Gracilaria verrucosa at an optimum temp of 12200C, the average growth rate was 29 g fresh wt m-1 d-1 with a maximum growth rate of 49 g fresh
wt m-1 d-1. At an optimum temp of 16-230C (spring) and 24-140C (autumn), the average growth
rate of G. sjoesedtii was 19.5 g fresh wt m-1 d-1 (spring) and 10.4 g fresh wt m-1 d-1 (autumn), with a
maximum of 27 g fresh wt m-1 d-1.
A comparison of fixed and floating intertidal raft cultivation of Gracilaria verrucosa was
conducted in China (Ren et al. 1984). Although early growth was best on floating rafts, fast
growth at later stages on fixed rafts exceeded higher growth at early stages. Growth rates of
fragments varied with time of planting, with slow growth early in the year and faster growth with
spring transplantation. Water transparency (sunlight penetration) was an important determinant
of growth up to 2 m. Maximim daily growth (w/w) of 10% and 12% d-1 were achieved for fixed
and floating rafts, respectively. Optimum temperatures for growth were found to be 15-200C.
Although average production was higher for floating vs. fixed rafts, in the long-term fixed may
be better able to better resist weed species, extend planting periods and distribute lower light
intensities compared with the floating raft method.
Fourie (1994) and Smit (1997) (both unpublished MSc theses from University of Port
Elizabeth, South Africa) in land-based outdoor tanks and laboratory culture-based systems,
respectively, examined growth of Gracilaria verrucosa in IMTA with Haliotis midae. Similar work was
conducted by Hampson (1998) for two strains of Gracilaria gracilis, as well as Gracilaria spp. by
Njobeni (2006)) in land-based outdoor tanks (again, unpublished MSc theses from University of
Port Elizabeth, South Africa). All four studies reported that tested Gracilaria grew better in
abalone effluents than natural seawater and that the nitrogen and phosphorous content of the
seaweeds cultured with abalone increased compared to the same species grown in their natural
habitat.
3.2.1.9 Misc. Gracilaria species
Gracilaria tikvahiae was grown in land-based outdoor laboratory tanks and ponds in the
USA (subtropical/tropical Florida) to examine cultivation possibilities under a range of nutrient
enrichment scenarios (Hanisak & Ryther 1984). Mean productivity was 34.8 g dry wt m-2d-1
(equiv. to 127.0 t ha-1a-1 about ½ of which was organic) and growth was maximal (46 g dry wt m2 d -1) at the end of July and minimal (12 g dry wt m -2 d -1) in late January. Maximal yields
occurred at relatively low nutrient enrichments (10-100 µM nitrogen and 1-10 µM phosphorus)
and at a stocking density of 2-4 kg wet wt m-2. The yields were among the highest recorded for
any plant, but under idealistic conditions that were unlikely to be commercially feasible, as they
were very energy intensive. Cultivation was successfully scaled up to larger tanks (2.4-29 m2 in
surface area and 2,400-24,000l in vol), with yields of 22-25 g dry wt m-2 d-1 (equiv. to 80-91 dry t
ha-1 a-1), with bottom culture in large ponds (10-20 m2 and vol to 25,000 l) generating lower
yields 5-8 g dry wt m-2 d-1 (equiv. to 18-29 dry t ha-1 a-1).
Smith et al. (1984) examined feasibility of establishing a small-scale sea-based cultivation
for sea moss (Gracilaria spp.) in St. Lucia, West Indies. Harvest and growth of mainly G.
domingensis from two monolines (4.0 m long and at 1.0 m depth) produced 337 dry wt m-1 for 257
days on Line 1 (x=1.3 g m-1d-1) and 323 dry wt m-1 for 204 days on Line 2 (x=1.6 g m-1d-1). Plots
of 100 m2, each containing 200 m of cultivation line are planned and expected to yield repeated
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harvests of up to 70 g dry wt m-1 mo-1, which at 10 harvests per year would give 0.7 kg m-1 of line
or about 140 kg per plot.
A local, unidentified species of Gracilaria was grown in outdoor tanks (1 and 10 m3) in
Ecuador (Salazar 1996). One kilogram (kg) of fresh seaweed inoculated into each tank produced
a biomass of approximately 3 kg in a period of 35 days (1 m3 tank) and 18 kg in 43 days (18 m3
tank). These results were encouraging and led to the suggestion that seaweed aquaculture of
Gracilaria sp. could be paired with an existing shrimp farm, as an IMTA in the future.
Growth of Gracilaria conferta was highly erratic and deemed unsuitable for IMTA
applications in Israel land-based culture with Haliotis tuberculata (Neori et al. 1998). The abalone
faired better and grew on average 0.26% and 0.25% body weight/d in the two culture tanks.
However, reduced growth and increased food conversion ratios (food eaten/biomass gain; w/w)
were associated with high summer water temperatures (max. 26.90C).
In land-based outdoor tanks in Florida, USA, Gracilaria ferox was grown continuously for
four years (Capo et al. 1999). Productivity ranged from 21.4 to 59.2 g d wt m-2d-1, with a mean of
39.7 g d wt m-2d-1over the total four-year test period. Seasonal changes in light and temperature
were the major productivity drivers, which accounted for 75% of the variability in growth.
Salinity was tested at 31.0 up to 36.5 ppt with insignificant effects on growth at any level. Pulsefeeding was determined to be a useful method to control epiphyte growth (< 3% total epiphyte
biomass). The yields attained in this study are among the highest reported.
Nitrogen storage of Gracilaria tenuistipitata var. liui was compared with Ulva pertusa under
ammonium enrichment and starvation scenarios (Liu & Dong 2001). After 10 days of
ammonium enrichment, ammonium NH4+, free amino acid (FAA), protein (pro), chlorophyll
(Chl), phycoerythrin (PE) and total dissolved nitrogen (TDN) in both species increased
significantly. Total nitrogen (TN) was similar between the two species and increased significantly
from 3.65% to 5.78% dry weight of Gracilaria tenuistipitata var. liui and 2.82% to 5.07% dw of U.
pertusa. Protein and FAA were the most important nitrogen storage pools and each nitrogen pool
in U. pertusa decreased more rapidly than in Gracilaria tenuistipitata var. liui, with Gracilaria
tenuistipitata var. liui able to sustain fast growth for longer than U. pertusa. Nitrogen demands for
growth were different; U. pertusa grew more rapidly and had higher nitrogen demands than
Gracilaria tenuistipitata var. liui.
Nutrient uptake efficiency was monitored in Gracilaria lichenoides grown in land-based
shrimp and fish aquaculture ponds (~0.5 ha with 1-1.5 m depths) in China (Xu et al. 2008). G.
lichenoides was efficient at absorbing inorganic nitrogen (IN), inorganic phosphate (IP) and
maintained a stable dissolved oxygen (DO) level, with a specific growth rate of 4% over duration
of the study. The harvest of both shrimp and fish was greater with G. lichenoides present (506.5 kg
and 210.5 kg respectively) than absent (53.5 kg and 163 kg fish), as anoxic asphyxia occurred with
G. lichenoides. Microalgal blooms were also reduced in the presence of G. lichenoides.
Friedlander (2008) reviewed tank and pond seaweed cultivation of the main seaweed
species grown commercially in Israel in the last 20 years, with an economic analysis for future
developments. It was found that all reds were highly sensitive and susceptible to epiphytes.
Different Gracilaria were tested from all over world in order to select for high annual yield under
extreme summer and winter temps, and for relative resistance to epiphytes. The local Israeli G.
conferta and Argentine G. gracilis (=G. verrucosa, Strain A-18), which originate from a very cold
coast, exhibited a strong temperature effect up to 250C, after which growth was negative. Two
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Caribbean strains, G. cornea and its mutant, exhibited highest growth rate, but did not survive
winter. Namibian G. gracilis (=G. verrucosa) showed the best winter growth rate. Smaller plants in
general exhibited higher growth rates.
Subtidal cultivation systems for gracilarioids in Chile appear to be more productive than
intertidal systems and are less susceptible to wave action than intertidal cultivation areas
(Buschmann et al. 1995). Direct method and Plastic Tube method are both used in sea-based
farming (both inserted into sandy substrates), with the latter favored in subtidal cultivation.
Artificially planted areas show same seasonal biomass patterns as natural beds, with high growth
rates in spring and lower growth in other seasons in intertidal and subtidal areas. While subtidal
growth is highly influenced by light availability and water temperature, intertidal growth is often
dictated by air temperature and humidity, indicating emersion is important. For tested
gracilarioids, biomass reached 91-149 t ha-1yr-1 in the subtidal, but never more than 72 t ha-1yr-1 in
the intertidal. Depth of cultivation was found to be important: 132 t ha-1yr-1 at 1.5 m, too shallow
and plants bleach (no higher than 2-2.5 m above mean low water) and too deep (no more than 45 m) and productivity decreases. Plant density is also important, with optimal plnatinc of subtidal
plants 0.6 kg m-2 and intertidal plants 1.2-0.6 kg m-2. Other factors to consider include in seabased gracilarioid cultivation include harvesting frequency, harvesting tools, spatial arrangement
of the inoculum and strain selection.
3.2.1.10 Gelidiales
Four studies in this literature survey examined cultivation of Gelidiales, with three genera
(Gelidium, Gelidiopsis, Pterocladia and Gelidiella) that included several species (Table 3-7).
Endemism
Gelidiella acerosa, included in the study focussed on seaweed cultivation in India (Subba
Rao & Mantri 2006), is known from Australia. Reaching south to Lord Howe Island, New South
Wales on the east coast, it is reportedly common, with a worldwide distribution in tropical seas
(Huisman 2000). Although no other species in cultivation studies are known from Australia, the
genus Gelidium is represented in Australia by Gelidium, Gelidiella and Pterocladia sp. (Huisman
2000).
Growth and Composition
A range of trials have been indertaken for the cultivation of Gelidiales for the high
quality agar content (Table 3-4). Rueness & Tananger (1984) examined growth rates for
representatives of Gelidium spp. and Gracilaria verrucosa in land-based laboratory tanks in Norway.
Gelidium spp., G. verrucosa, grew best at 240C, the highest temperature tested and at salinities of
30‰. The study found that none of the species tested were viable cultivation candidates due to
their low yields and slow growing natures.
Gelidium pristoides sea-based cultivation trials were conducted in South Africa using
fragments rope-attached or sewn into net bags that were then attached to metal frames (Aken et
al. 1993). Plants in net bags increased their biomass in the first 2 weeks, but only surface plants
had a significantly higher biomass (~20%) by the second week. Although degeneration occurred
from week 3 on, surface plants did increase their biomass by up to 19%, however changes were
not significantly higher due to high variance. Plants growing on limpet shells did better than net
grown plants and an experiment was initiated to test growth on shells. However, this experiment
began at the same time as sea temperatures dropped and biomass gradually declined.
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Seaweed cultivation in India is 75 years old and still in its infancy, with limited landbased projects and a focus on agarophytes (Subba Rao & Mantri 2006). Pilot scale experiments
with Gelidiella edulis produced 20 tons (dry weight)/ha/yr in three harvests using long line (coir)
rope method and 20 tons (dry weight)/ha/yr in five harvests using Single Rope Floating Raft
(SRFT) method. For Gelidiella acerosa, bottom culture methods using coral stone as substratum
was best and yielded four tons (dry weight)/ha/yr over a 0.5 ha area.
Friedlander (2008) reviewed tank and pond seaweed cultivation of the main seaweed
species grown commercially in Israel in the last 20 years, with an economic analysis for future
developments. It was found that all reds were highly sensitive and susceptible to epiphytes. Local
Gelidium crinale exhibited maximal weekly growth of 50% and Gelidiopsis sp. (redefined as Solieria
filiformis) reached 90% maximal weekly growth.
Pterocladiella capillacea, a valuable agarophyte, was compared in indoor (gradient table in
the laboratory) and outdoor (40L tanks) settings in Israel (Gal-Or & Israel 2004). In indoor
settings, optimal growth temperature and irradiance for winter plants in laboratory occurred at
10-200C and 100 µmol photon m-2s-1, averaging 24.3% per week and for summer plants 10-200C
and 20 µmol photon m-2s-1, averaging 29% per week. High irradiance in winter enhanced growth,
but inhibited growth in summer. Photosynthetic rates and growth rates (as relative growth rates)
were largely unaffected by variation in pH between 6.5-8.5 but decreased >8.5. Out of doors, P.
capillacea was more responsive to feeding frequency of NH4 and PO4 not relative concentrations.
Average growth rates in winter were 28.3% and 12.5% per week when NH4 and PO4 were
included once and twice a week for 24-h periods, respectively, while summer plants grew 15.5%
and 25.3% per week at given nutrient regimes. Algae grown in seawater (13.8±1.8 µM CO2) or
CO2 enriched (33.7±13.2 µM CO2) had similar growth or less in CO2 enriched water in winter.
Chlorophyll a was significantly higher in winter than summer with nutrients 2x wk, as were
phycoerythrin levels with nutrients 2x wk in summer.
Table 3-4. Summary of cultivation systems and growth rate studies for species of Gelidiales.

Species
G. amansii
G. crinale
G. pulchellum
G. robustum
G. robustum
G. sclerophyllum
G. sesquipedale
G. sesquipedale
Gelidium sp.
G. rex
Gelidium
P. capillacea

SGR (%)
6.7
6.5
10.0
21.0
1.0, 3.6
7.0
1.9
3.0
13.2
33.3
3.8
28.3

Conditions
In situ
Outdoor tanks
Laboratory
Laboratory
In situ & semicontrolled
Laboratory
Chemostats
In situ
Laboratory
Laboratory & in situ
Laboratory & in situ
Outdoor tanks

Duration
2 mths
1 year
35 days
1 mth
14 days
6 mths
2 mths
2 mths
1 year
1 mth

Reference
Shunzo Suto 1971
Boulus et al. 2007
Sousa-Pinto et al 1999
Sousa-Pinto et al 1996
Pacheco-Ruiz & ZertucheGonzalez 1995
Rodriguez 1996
Carmona et al. 1996
Seoane-Camba 1997
Titlyanov et al. 2006
Rojas et al. 1996
Pei et al. 1996
Gal-Or & Israel 2004
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3.2.1.11 Hypnea
Three studies in the literature survey examined cultivation of three species of Hypnea
(Table 3-7)
Endemism
The genus Hypnea is represented in Australia by three species, one of which was featured
in a reviewed study (H. valentiae by Subba Rao & Mantri 2006).
Growth and Composition
Mollion (1984) tested the ability to grow two species of red macroalgae in outdoor tanks
in Corsica, temperate Chondrus crispus and tropical Hypnea musciformis. The optimal parameters for
best production of Senegalese H. musciformis were ~50-70 µM NO3- and a culture density between
3 and 6.5 kg m-2. At 69 µM NO3-, Senegalese H. musciformis showed an efficiency of 34.4% in the
assimilation of added nitrogen.
Limited land-based projects and a focus on agarophytes characterizes seaweed
cultivation in India (Subba Rao & Mantri 2006). Hypnea valentiae cultivated via vegetative
fragments by long line yielded four tons (dry weight)/ha/yr in 14 harvests.
Friedlander (2008) reviewed tank and pond seaweed cultivation of the main seaweed
species grown commercially in Israel in the last 20 years, with an economic analysis for future
developments. It was found that all reds were highly sensitive and susceptible to epiphytes.
Maximal growth rates in the summer for Hypnea cornuta and H. musciformis were 0.2 and 0.12
doublings d-1 respectively.

3.2.1.12 Palmaria
Five studies in the literature survey examined cultivation of Palmaria mollis, also known
as dulse (Table 3-7)
Endemism
The genus Palmaria is not represented in Australia.
Growth and Composition
Palmaria mollis (dulse) was trial co-cultivated in the (Washington, eastern Pacific) USA in
land-based laboratory tanks (110L) with Haliotis rufescens (Evans & Langdon 2000). Water volume
exchange rate had positive effect on algal production in all seasons except winter and was
greatest in summer (123 g wet wt m-2 d-1 in 24 h/1x treatment to 414 g wet wt m-2 d-1 in 24
h/35x treatment). Similarly duration of supplemental illumination had a positive effect on P.
mollis production for all seasons and was most dramatic in winter (14 g wet wt m-2 d-1 in 0h/35
treatment to 320 g wet wt m-2 d-1 in 24 h/35x treatment). The growth rates of abalone fed dulse
grown under all co-culture conditions (range: 112-132 µm shell length d-1) compared favorably
with that of abalone fed on other algal and artificial diets. Like dulse growth, the duration of
supplemental illumination and water volume exchange rate affected abalone growth.
Demetropoulos & Langdon (2004a) conducted land-based experiments in the USA with
Palmaria mollis in moderate to high artificial light (24-52 mol photons m-2 day-1) and low seawater
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exchange (1 vol day-1) (to minimize seawater pumping costs, a high cost of real aquaculture
systems) over a range of nutrient additions. Nutrient application was compared every 5-7 days vs.
daily applications and resulted in no significant difference in growth. Nutrient additions in dark
cycles vs light cycles were found to effectively control epiphytes. The addition of ƒ medium trace
metals (Gran. Can. J. Microbio 8 1962: 229) significantly increased growth rates compared with
cultures supplied with nitrate and phosphate only. Moreover, the concentration of Zn was
increased to equal that of Mn (1.37 µM day-1) with improved yields. NaNO3 was found to be
superior for long-term growth (9 wks), while NH4NO3 performed well in the short term (2-5
wks), likely due to NH+4-N toxicity. Growth was not significantly different between additions of
1176-2942 µM day-1 NO-3-N (avg daily N load), but an increasing trend in growth was observed
with increasing N loads up to 2942 µM day-1 NO-3-N. A sharp decline in growth occurred with P
additions above 83.3 µM day-1 (avg daily P load).
Recognizing that the addition of carbon dioxide to cultured algae was costly but
effective, Demetropoulos & Langdon (2004b) experimented with different forms/timing of
carbon addition. Specific growth rates (SGRs) were positively correlated with ambient
concentrations of dissolved inorganic carbon (DIC), and cultures supplied with both CO2 and
NaHCO3 resulted in higher growth rates than those supplied with either inorganic carbon
sources alone. Growth rates at pH of 8.9 were not significantly different than growth at pH 8.3.
A seawater flushing regime with high flushing during the light cycle (7.5 vol day-1) and low
flushing during the dark cycle (0.65 vol day-1) gave growth rates comparable to pH at 8.5 by
sparging with CO2 at a daily exchange of 7.5 vol day-1.
The final study by Demetropoulos & Langdon (2004c) examined the effect different
light intensities had on the growth of P. mollis. Under natural photon flux density (PFD) of 39-52
photons m-2 day-1 an aerial stocking density of 3-4 kg m-2 provided for the highest yields. Specific
growth rates were highly correlated with specific light intensities (SLD) over a range of 0.00480.036 mol photons g-1 [fresh weight] day-1; with no light saturation at culture temperature of
16±10C. Growth was highest at a salinity of 30±1‰, whether tap water or brackish well water
was used for seawater dilution. Optimal temperature for growth was 120C at low light intensities
(SLD=0.010 mol photons g-1day-1) and 14-180C at high light intensities (SLD=0.021 mol
photons g-1day-1). Growth at higher temperatures was positively correlated with increasing light.
Lowering culture temp at night 15 to 110C significantly increased growth for cultures that were
not supplied with supplemental inorganic carbon.
Maximum observed growth occurred during the best cultivation season, the spring, and
totalled about 14% of the initial fresh weight per day (about 0.7 g FW) for Palmaria mollis grown
on sea-based vertical rope rafts in Spain (Martinez et al. 2008). Growth of cultivated fronds was
noticeably greater than growth of field individuals, with four weeks found to be a suitable
cultivation period. Bag method achieved better growth than inserting fronds into ropes as this
reduced the amount of frond lost and enhanced quality. An appropriate stocking density was
critical with the bag method, as growth decreased with increasing frond number per bag.
Artificial nutrient enhancement improved frond quality at two locations and growth in one site
(where seawater nutrient concentration was naturally lower compared with other sites). Nutrientenhanced fronds grew at similar rate to fronds begun earlier in the spring season (~1.5 months
earlier) when nutrient concentrations were naturally elevated.
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3.2.1.13 Porphyra
A diversity of species in the genus Porphyra were the subject of four studies included in
this review (Table 3-7) and further reviews of this intensely studies seaweed genus is provided by
Oohusa (1993).
Endemism
The genus Porphyra is represented in Australia by Porphyra lucasii (Huisman 2000), but
none of the species included in the surveyed literature are endemic to this country.
Growth and Composition
Li (1984) compared monosporeling versus conchosporeling sources for grow out of
Porphyra yezoensis in the laboratory and at sea in China. Growth of monosporelings was higher
than conchosporelings in the laboratory under the same conditions, with growth of both
improved with increasing light intensity. In the sea, both sporelings exhibited higher growth than
in the lab, with monosporeling growth superior to conchosporeling (harvests (grams) of
monospores: 34.9, 40.1, 55.1 vs conchospores: 36.1, 39.0, 39.2). Other benefits of
monosporelings were the more rapid germination and larger thallus size at an earlier stage
compared with conchosporelings.
Day (2003)(unpublished MSc thesis from University of New Hampshire, USA cited in
Kim et al. 2007) reported high growth rates, specifically a specific growth rate of over 32% day-1,
for Porphyra amplissima.
Growth rates and uptake of nutrients were compared for four species of Porphyra grown
in land-based systems in the USA (Kim et al. 2007). Specific growth rate increased with
decreasing temperature in P. umbilicalis, P. leucosticta and P. linearis but increased with increasing
temperature in P. amplissima. The highest ammonium concentrations resulted in the highest
specific growth rates, and P. linearis exhibited the highest specific growth rates, increasing in
biomass by ~16% day-1. Phycoerythrin content was higher at 100C and 250 µmoles L-1 in all
species except P. amplissima. Phycoerythrin in P. linearis and P. umbilicalis was significantly higher
than in the other two species tested. P. umbilicalis had the highest tissue nitrogen content (6.76%)
at 100C and 250 µmoles L-1 ammonium and based on the results of this study, P. linearis and P.
umbilicalis were recommended for consideration in finfish/shellfish bioremediation in New
England.
Friedlander (2008) reviewed tank and pond seaweed cultivation of the main seaweed
species grown commercially in Israel in the last 20 years, with an economic analysis for future
developments. It was found that all reds were highly sensitive and susceptible to epiphytes. It was
reported that intensive strain selection has been performed in Porphyra sea farms, but not in
pond-cultured Porphyra. Maximal seasonal calculated DW yields (kg m-2season-1) for P. Taiwanese
cultivar: 4.06, P. yezoensis (Japanaese cultivar): 2.56, P. tenera (Japanaese cultivar): 3.60, P. linearis
(Israeli cultivar): 0.96. Under optimum conditions of irradiance and fertilization, weekly growth
rates of 28% in winter and 25% in summer were observed.
3.2.1.14 Other taxa
Eight other genera of red algae were the subject of cultivation experiments/trials,
including: Devaleraea ramentacea, Furcellaria lumbricalis, Kappaphycus alvarezii, Pterocladiella capillacea,
Gigartina skottsbergei, Sarcothalia crispata, Mazzaella laminarioides, Asparagopsis armata.
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Endemism
Of these other red algal taxa, only Asparagopsis armata is known to occur in Australia.
However, generic representatives for Pterocladia/Pterocladiella and Gigartina do exist.
Growth and Composition
Asparagopsis armata shows antibacterial/antifungal activity and is being explored as a
natural cosmetic preservative in France, with the promise for higher market value than Ulva
(Mata et al. 2010). This prompted a comparison of the biofiltration efficiency for the two species
controlling for culture conditions and time in the laboratory in Portugal. A. armata was found to
perform better overall, with superior total ammonia nitrogen (TAN) removal rates compared to
Ulva sp.. Production rates are some of the highest ever reported for macroalgae cultivated in
tanks, with A. armata yields higher than Ulva in both December and May. In addition, it is
considered a food for Australian abalone despite some chemical defences being evident against
herbivores (Paul, 2006; Guest, 2008) and considered a candidate for a mix of algal species.
3.2.2 Brown Algae
Eighteen studies incorporated research on seaweed cultivation of brown algae. Laminaria
was the best-studied genus with six studies, all but one on L. saccharina. Intensive cultivation of
brown algae is practised largely in Asia, with well-established aquaculture of Laminaria in China
(Tseng 1987) and Undaria in Japan and Korea (Ohno and Matsuoka 1993). Other countries
typically harvest wild or beach cast brown macroalgae (e.g. Troell et al 2006 for South Africa).
However, there is a growing literature dealing with fact that harvest from wild, primarily for use
as abalone feed, is becoming unsustainable and that alternatives are needed (Bolton et al. 2009).
Moreover, summer water temperatures result in deterioration of Laminaria holdfasts depleting
stocks available to farmers in summer months, further decreasing availability of browns (Kim et
al. 2007).
3.2.2.1 Ecklonia
The genus Ecklonia was the subject of three studies included in this review (Table 3-7).
Endemism
Studies reviewed in this literature survey presented findings on two species of Ecklonia,
E. maxima (South Africa), an important food source for the abalone H. midae, and E. stolonifera
(Korea). Neither of these two species range into Australia, however, two other species of
Ecklonia are known from Australia, E. brevipes and E. radiata (Huisman 2000).
Growth and Composition
Although the focus of the study by Naidoo et al. (2006) was to compare growth of
Haliotis midae on a range of different diets, some of the findings are relevant to seaweed
cultivation. Results showed that abalone grew well on all fresh seaweed combinations, but grew
best on a mixed diet that included Ecklonia maxima. Abalone fed on the mixed diet grew at 0.066
mm day-1 shell length and 0.074 g day-1 body weight; this corresponds to 24.09 mm shell length
and 27.01 g body weight increase per annum. Abalone grown on Abfeed (R) grew at 0.049 mm
day-1 shell length and 0.046 g day-1 body weight which corresponds to 17.88 mm and 16.79 g
increase per annum; this is better than the dried seaweed feeds, but poorer than the fresh
seaweed combinations. The success of the mixed diet was inferred to be a result of farm-grown,
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protein-enriched algae from the genera Ulva and Gracilaria (E. maxima was harvested from the
wild so was not enriched).
The commercial abalone aquaculture industry in South Africa is now the second largest
after Asia, with land-based methods the dominant form of farming (Troell et al. 2006). Abalone
have been traditionally fed wild-harvested Ecklonia maxima and it is preferred by abalone farmers
as it is reported to have a lower food conversion ration (FCR) compared to e.g. other kelps, such
as Laminaria. However, sustainable harvesting of this species is reaching a maximum especially
near sea-based abalone farms and because beach-cast harvest has been replaced by live harvest,
as fresh fronds result in faster abalone growth. Although E. maxima recover well from harvesting
pressure, the epiphytic reds that grow on the kelp do not, which has led to exploration of nonlethal harvesting methods, such as cutting the distal parts and leaving basal meristems intact.
Ecklonia aquaculture is economically viable, as calculated on a dry weight basis, the price obtained
for fresh kelp as abalone feed is more than double that for dry kelp that is exported for alginate
production. A commercially available all-seaweed, multi-species abalone feed is available in South
Africa (Midae meal MM-1c Eric-Piet Pty Ltd).
Hwang et al (2009) tested mass cultivation of Ecklonia stolonifera in Korea for use as
summer feed for abalone (H. midae). Grow out was done in the wild utilizing a horizontal
cultivation system (after Sohn and Kain 1989) of long line/coir rope. A wide range of depths
were tested for growout, with plants cultured at 1.5 m demonstrating significantly better growth
rates than growout at other depths (both shallower and deeper). Another important conclusion
was that harvested holdfasts regenerated new blades during the winter season that were then
harvested the following year. Higher productivity in the second year, related to perennial nature
of the algae, could contribute significantly to reducing feed costs of abalone cultivation, as it
removes the need to produce new seed ropes every year.
3.2.2.2 Laminaria
The genus Laminaria was the subject of six studies included in this review focussed
primarily on L. saccharina (5 studies) but also L. digitata (1 study) (Table 3-7).
Endemism
Laminaria is not found in Australia.
Growth and Composition
Seasonal variation in nutrients for five species of macroalgae, including Laminaria
saccharina, was tracked in the USA (temperate Rhode Island Sound, western Atlantic ocean)
(Asare & Harlin 1983). All species showed similarities in patterns of seasonal fluctuation in both
nitrate and total nitrogen, with the greatest accumulation (Jan-Mar) coinciding with the period of
highest concentration of inorganic nitrogen in the water and least growth. The greatest
accumulation occurred in L. saccharina at 80 µmol g dry wt -1, four times that measured
simultaneously in other species and 560 times ambient concentrations. The lowest levels of tissue
nitrogen (≤50% of winter value, May-July) for all species occurred during the period of lowest
concentration of inorganic nitrogen in the water and highest growth. Of the five species tested,
the red algae Chrondrus crispus exhibited total tissue nitrogen levels of 4.8% dry weight, double the
maximum in L. saccharina, with 2.3% dry weight.
Brinkhuis et al. (1984) examined land-based (laboratory) and sea-based growth of
Laminaria saccharina in New York, USA, the southern distributional limit of this species. Juvenile
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sporophytes initially attained average growth rates in the laboratory of 10.3% d-1, but these rates
were not sustained due to blade bleaching, however, increased growth media changes reduced
bleaching. Sporophytes did not grow at the lowest light levels tested (6 µ E m-2s-1) and growth at
the highest tested light levels (124-147 µ E m-2s-1) was significantly lower than at 33-91 µ E m-2s-1.
Uncharacteristic late spring sporogenic activity was hypothesized to be an adaptation to the high
temperatures observed on Long Island. Large fluctuations in growth rate of older sea-based
sporophyte plants were caused by periodic large losses of distal tissues due to strong wave action
in shallow nearshore waters. During late fall and early winter, young sporophyte plants in sea
trilas grew significantly faster at shallower compared to deeper depths.
The viability of growing Laminaria saccharina in salmon effluent from a fish farm was
tested in in an outdoor tank facility in Canada (Subandar et al. 1993). Surplus nitrogen was not
evident, because the C:N ratio (10-11) was constant in all experiments. During light periods, kelp
removed 170-339 µmol l-1h-1 and ~26-40% of incoming dissolved inorganic nitrogen (DIN, as
NH4+ + NO3-). The DIN uptake rate, based on daylight sampling periods, ranged from 6.1-22.5
µmol g-1 dry mass h-1. The highest-flow rate, lowest-density tank had the highest DIN uptake
rate. Mean DIN uptake rate based on 3 days of growth for all flow-density combinations ranged
from 5.4-8.3 µmol g-1 dry mass h-1, with the kelp utilizing NH4+ + NO3- equally. Growth was
from 6.5%-9% day-1. Like DIN, the highest-flow rate, lowest-density tank had the highest growth
rates. Debris from fish effluent settling on kelp thalli in low-flow tanks affected uptake
negatively. Lower DIN concentrations, due to higher DIN removal rates in lower flow tanks
coupled with light limitation due to self-shading at tanks stocked with high algal densities, were
put forth as explanations for reduced growth.
Gomez et al. (2001) manipulated day length in Laminaria digitata in temperaturecontrolled outdoor tanks (300L) in the North Sea. In constant short days (SD), the growth rate
remained at a steady-state level of approximately 0.4 cm day-1 from the end of June until midOctober, whereas growth rate in ambient day lengths declined steadily after June to half the rate
in SD in October. Growth became light-limited between October and February in both
treatments and, in the second year from July onwards, higher growth rates were again observed
in constant SID than in ambient day lengths.
Variations in tissue carbon (C) and nitrogen (N) were examined over a complete
seasonal cycle for wild Laminaria saccharina sampled in Britain (Gevaert et al. 2001). Average C
and N ranged from 23.9 to 31.4% and 2.23 to 3.42% of the total dry weight, respectively.
Variations in C:N ratios showed a clear seasonal pattern with an increase in the early spring
corresponding to strong photosynthesis and growth.
Wind farms, planned for Europe and specifically the North Sea, may provide potential
suitable substrate for macroalgal aquaculture (Buck & Buchholz 2005). To explore this
possibility, the maximum hydrodynamic forces affecting farmed algae were modelled using
WaveLoad software and tested on Laminaria saccharina under laboratory conditions. Drag was
measured in a towing tank and was found to be considerably higher on algae with a more ruffled
margin and wider blade (collected from sheltered environments) than on flat and narrow L.
saccharina (from farms), even given comparable blade areas. Drag varied according to frond size,
current velocity and acceleration reaction. Dislodgement of holdfasts and stipe-breaking forces
depended on blade length and surface area and neither measured nor calculated values of drag
exceeded those forces (given algal were grown in >1 m s-1). These results suggest that cultivated
L. saccharina could withstand storms with current velocities of 1.52 m s-1 and wave heights to 6.4
m.
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3.2.2.3 Lessonia
Two studies detailed growth in two species of Lessonia, L. trabeculata and L. nigrescens in
this review (Table 3-7).
Endemism
Like Laminaria, no representatives of this genus are known from Australia.
Growth and Composition
Growth under cultivation conditions was compared between Lessonia trabeculata and
Macrocystis pyrifera in Chile (Westermeier et al. 2006). Juvenile sporophytes of L. trabeculata and M.
pyrifera were cultured under permanent aeration and agitation, floating unattached in
contamination-free glass bottles up to 10 L, plexiglass cylinders and 800 L greenhouse tanks.
When holdfast initials were formed at a size of 8 cm, sporophytes of both species were spliced
into Nylon rope fragments and transferred to the sea. Twelve months after initiation of
gametogenesis in the laboratory, M. pyrifera attained a length of 14 m and growth rate of 80 kg
fresh weight m-1 on a line in the sea. At only six month after gametogenesis initiation, L.
trabeculata exhibited much lower growth rates compared with M. pyrifera, attaining 0.25 kg fresh
weight m-1 in the sea.
Chile harvests wild Lessonia nigrescens, L. trabeculata, Macrocystis pyrifera and M. integrifolia for
alginate and abalone feed, with demands up from 40,000 t yr-1 in the 80s to 250,000 t yr-1,
amounting to 10% of the world supply. To reduce overharvesting of natural populations,
guidelines have been put forth to conserve wild populations by harvesting: 1) the entire plant, 2)
large individuals only, 3) in rotation, 4) selectively and 5) Macrocystis spp. 1-2 m from the surface.
3.2.2.4 Macrocystis
The genus Macrocystis was the subject of three studies included in this review (Table 3-7).
Endemism
Studies reviewed in this literature survey presented findings on one species of Macrocystis,
M. pyrifera (northeastern Pacific). This species does not occur in Australia, but M. angustifolia does
(Huisman 2000).
Growth and Composition
Liu et al. (1984) studied artificial cultivation and propagation of Mexican Macrocystis
pyrifera to determine optimal conditions for growth and survivorship in China. Temperatures
higher than 230C caused thalli to rot, however tolerance to high temperatures varied among
plants of different ages and among parts of the same plant, with older plants less tolerant of high
temperatures and vegetative blades less tolerant than sporophylls. High growth of sporelings in
shallower water was compromised at later stages by encrustation with invertebrates and
epiphytes. High current flow increased survivorship and reduced effects of elevated water
temperature. Floating raft, casting stone and submerged floating rope methods were all tested
with the last resulting in high survivorship, ease of operation and good growth (after 4 months,
the average length was 13 m, compared with an initial average length of 2.2 m)
Growth under cultivation conditions was compared between Lessonia trabeculata and
Macrocystis pyrifera in Chile (Westermeier et al. 2006). Juvenile sporophytes of L. trabeculata and M.
pyrifera were cultured under permanent aeration and agitation, floating unattached in
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contamination-free glass bottles up to 10 L, plexiglass cylinders and 800 L greenhouse tanks.
When holdfast initials were formed at a size of 8 cm, sporophytes of both species were spliced
into Nylon rope fragments and transferred to the sea. Twelve months after initiation of
gametogenesis in the laboratory, M. pyrifera attained a length of 14 m and growth rate of 80 kg
fresh weight m-1 on a line in the sea.
Buschmann et al. (2008) conducted IMTA growth experiments with Macrocystis pyrifera in
sea-based cultivation on 100 m long lines situated 100 m from a salmon farm in Chile. This study
was conducted to address possibility of growing M. pyrifera for use as high quality abalone feed.
The best culture depth in the ocean was found to be at three metres for M. pyrifera, a depth where
epiphytism was not a major issue. Growth rate was 6% day-1 and maximum growth occurred in
the spring with an annual production of 25 kg m-1 during the nine-month production period. M.
pyrifera was reported to utilized available nitrogen efficiently, with nitrate uptake rate (µM NO3
g(DW)-1h-1) of 11.8 4.5. High intensities of solar radiation (UV and PAR) were found to be
difficult for M. pyrifera growth at low depths at noon during the summer.
3.2.2.5 Undaria
The species Undaria pinnitifida was the subject of two studies from China included in this
review (Table 3-7).
Endemism
The genus Undaria is an introduced pest in Australia and harvesting may be possible but
cultivation will not.
Growth and Composition
Zhang et al. (1984) examined growth of the early life stages of Undaria pinnitifida in the
laboratory and the sea to assist with the development of plantation culture in China. Sporelings
separated earlier exhibited faster growth than sporelings separated later (0.94 cm d-1 vs 0.52 cm d1 and 0.44 cm d-1, respectively). The optimum temperature for growth of cultivated U. pinnitifida
was between 5-100C. Sporelings transplanted (10-20 cm) into the sea exhibited growth rates of
nearly 1 cm d-1until April, with the average dry weight (dw) per thallus 43.19 g, with dw:ww ratio
of 0.14:1.00. Plants transplanted from Qingdao for the purposes of this research, were similar in
size and shape to the local Zhejiang Undaria.
The mass culture and growth of Undaria pinnitifida sporelings under laboratory conditions
(20L cylindrical glass bottles) and at culture stations (grow out on palm rope frames) was
examined in China (Wu et al. 2004). Under an irradiance of 80 µmol m-2 s-1 and favorable
temperature of 22-250C, mean daily growth rate reached 37%. Juvenile sporeling growth
experiments showed that nitrate and phosphate concentrations of 2.9 10-4 mol 1-1 and 1.7 10-5
mol 1-1 were sufficient to enable the sporelings to maintain a high daily growth rate, as high as 1
cm per mth.
Other species
Five other genera/species of brown algae were the subject of cultivation
experiments/trials, including: Ascophyllum nodosum, Fucus vesiculosus, Hizikia fusiformis, Dictyopteris
membranacea and Sargassum horneri.
Endemism
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Of these other brown algal taxa, generic representatives exist for two, Dictyopteris and
Sargassum in Australia.
Growth and Composition
Seasonal variation in nutrients for five species of macroalgae, including Ascophyllum
nodosum and Fucus vesiculosus, was tracked in the USA (temperate Rhode Island Sound, western
Atlantic ocean) (Asare & Harlin 1983). All species showed similarities in patterns of seasonal
fluctuation in both nitrate and total nitrogen, with the greatest accumulation (Jan-Mar) coinciding
with the period of highest concentration of inorganic nitrogen in the water and least growth. The
lowest levels of tissue nitrogen (≤50% of winter value, May-July) for all species occurred during
the period of lowest concentration of inorganic nitrogen in the water and highest growth. Tissue
nitrogen in A. nodosum and F. vesiculosus was depleted before the end of the growing season of
fucoid algae elsewhere in the study area and suggests that inorganic nitrogen was converted into
new tissue and not accumulated as reserves.
The complex life history of many brown algae, including Hizika (previously Sargassum)
fusiformis, has made securing a stable and sufficient supply of young seedlings, a prerequisite of
commercial cultivation, difficult (Pang et al. 2008). However, by controlling synchronization of
receptacle development, thus enabling simultaneous discharge of male and female gametes,
greatly enhanced fertilization success in Hizikia. Seedlings (5.5 hundred million embryos from
100 kg of female sporophytes) were raised to 3.5 mm in greenhouse tanks (120 concrete tanks
from 20 to 50 m3) in one month and then grown in the open sea for more than three months at
two export sites. Parameters for successful culture included: 1) exposure to direct solar irradiance
(1500 µmol photons m-2s-1 maximal irradiance at noon on a sunny day, but cloudy days did
occur), 2) gentle aeration, 3) 1.2 m water depth, then 0.4 m after embryo seeding, and 4) water
renewal every 3 days for the first 15 days.
Friedlander (2008) reviewed tank and pond seaweed cultivation of the main seaweed
species grown commercially in Israel in the last 20 years. One of the species tested was Dictyopteris
membranacea. This brown macroalgae acclimated best to the tank cultivation system, survived
continuously for nine months and achieved a maximal weekly growth rate of 131%.
A decline in natural populations of Sargassum horneri along the Chinese coast prompted
investigations into efficient method of producing seedlings for cultivation to be used in the
eventual rehabilitation of natural areas (Pang et al. 2009). Controlled experiments took place in
indoor raceway and rectangular tanks under reduced solar radiation and ambient temperatures.
Major findings were that sexual reproduction could be accelerated in elevated temperature and
light climates, to at least three months earlier than in the wild. Eggs had a long window of
fertilization potential, and this was much greater than for conspecifics. Suspension and fixed
culture were viable alternatives in growing out seedlings to the long-line cultivation stage. The life
cycle was manipulated to four and a half months, indicating it can be shortened.
3.2.3 Green Algae
Green macroalgae were featured in 32 studies reviewed in this literature survey, the vast
majority on Ulva. The work represents ~30 years of research on growth rates, response to
enrichment, assimiliation rates and in situ cultivation techniques, as well as total nitrogen content
and protein and free amino acid levels (Table 3-5 provides an extract of this review). Although
Ulva is now known to also include the genus Enteromorpha, they are treated separately in this
review.
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Table 3-5. Non-phycoerythrin protein and free amino acid (FAA nitrogen contents reported for species of
green and red macroaglae (after Naldi & Wheeler 1999).

Species

Proteins

Proteins

FAA

FAA

Reference

µ mol N g
µ mol N g
% TN
% TN
dw-1
dw-1
Chaetomorpha linum
700-1200
35-90
50-1500
8-45
McGlathery et al. 1996a,c
Codium decorticatum
50-450
6-40
<0.5
<0.2
Duke et al. 1987d
Ulva sp.
<20-70
ND
50-500
ND
Rosenberg & Ramus 1982b
U. curvata
100-450
18-22
<0.5
<0.2
Duke et al. 1987d
U. fenestrata
750-2200
43-66
70-300
4-9
Naldi & Wheeler 1999
Gracilaria foliifera
<50-500
ND
100-450
ND
Rosenberg & Ramus 1982b
G. gracilis
250-500
20-30
ND
ND
Smit et al. 1997
G. pacifica
1700-2300
57-66
380-640
15-17
Naldi & Wheeler 1999
G. tikvahiae
300-1600
45-48
70-1200
7-79
Bird etla. 1982e
a,b valued for FAA refer to non-protein organic N pool that the authors identified as mainly amino acids
c,d

The authors report protein content as mg g dw-1, converted by Naldi & Wheeler 1999 to µmolNgdw-1

The authors report protein and FAA contents as % of biomass, converted by Naldi & Wheeler 1999 to
µmol N g dw-1
e

3.2.3.1 Codium
Codium fragile and Codium decorticatum were the subject of three studies included in this
review (Table 3-7).
Endemism
The species included in this review of green macroalgal cultivation are not known to
occur in Australia, but four other species of Codium around found here.
Growth and Composition
The five species of field-collected macroalgae, including Codium fragile, from the USA
analysed by Asare & Harlin (1983) showed similarities in patterns of seasonal fluctuation in both
nitrate and total nitrogen. The greatest accumulation (Jan-Mar) coincided with period of highest
concentration of inorganic nitrogen in the water and least growth. Levels of lowest tissue
nitrogen (≤50% of winter value, May-July) coincided with the period of lowest concentration of
inorganic nitrogen in the water and highest growth. Codium fragile exhibited the highest summer
concentrations of tissue nitrogen.
Duke et al. (1989a) examined nitrogen uptake rates of Ulva curvata and Codium decorticatum
grown under several nitrogen addition regimes using perturbation and continuous mode
techniques, as well as nitrogen demand by calculating the product of growth rate and tissue
nitrogen. Experiments were conducted in outdoor tanks in the USA (southeastern state of
North Carolina). There was no correlation of nitrogen uptake rate with tissue nitrogen in C.
decorticatum. Nitrogen uptake rates of U. curvata were higher than those of C. decorticatum,
suggesting that U. curvata may experience a more variable nitrogen supply than C. decorticatum. The
dissimilar functional forms of each species, as well as the ephemeral nature of U. curvata
compared with the more persistent nature of C. decorticatum, were thought to explain nitrogen
uptake differences in each species.
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Codium fragile is being considered for IMTA in Korea because this species exhibits good
growth in late summer and fall, a pattern that complements strengths of other species (e.g.
Porphyra, Laminaria, Undaria), all of which show high growth in fall and spring (Kang et al. 2008).
C. fragile under land-based indoor laboratory conditions exhausted ammonium concentrations
(150 and 300 µM) after six hours. Ammonium removal efficiency was greatest (99.5±2.6%) at
150 µM NH4+when C. fragile was incubated at 200C under 100 µmol photons m-2s-1. At 300 µM,
ammonium removal efficiency was greatest (86.3±2.1%) at 250C under 100 µmol photons m-2s-1.
Ammonium removal efficiency was significantly greater at 200C and 250C and 100 µmol photons
m-2s-1 than other tested temperature and irradiance scenarios.
3.2.3.2 Enteromorpha
Enteromorpha was included in four studies reviewed in this report (Table 3-7).
Endemism
The genus Enteromorpha is represented in Australia by E. compressa, the subject of one
study (Subba Rao & Mantri 2006) included in this review.
Growth and Composition
Ulva fenestrata and Enteromorpha intestinalis were grown under various nutrient regimes in
indoor semi-continuous and batch cultures under controlled laboratory conditions in the USA
(Oregon, northwest coast)(Bjornsater & Wheeler 1990). Maximum growth rates for U. fenestrata
(32±3% d-1, mean±SD) were significantly higher than for E. intestinalis (18±5% d-1, mean±SD)
and these maximum growth rates were lower than for that obtained for ulvoids by others
(Lapointe & Tenore 1981, Ramus & Venable 1987, Duke et al 1989 with 36, 30, 52% wet wt day1, respectively), likely a result of lower water temperatures used in the present study. Comparing
tissue nitrogen and phosphate of macroalgae grown in batch cultures is useful for monitoring the
nutritional status of macroalgae. Color even easier (Robertson-Andersson 2009)!
Martinez-Aragon et al. (2002) examined phosphate uptake in two green (Ulva rotundata,
Enteromorpha intestinalis) and a red alga (Gracilaria gracilis) under laboratory conditions (2L
volumetric flasks) in Spain. At low flow rates (< 2 volumes d-1), all three species efficiently
filtered phosphate, with a minimum efficiency of 60.7% (U. rotundata). Net phosphate uptake rate
was significantly affected by the water flow, being greatest at the highest flow rate (2 volumes d1). A significant correlation was found between growth rates and the net P biomass gained in the
cultures.
In a companion study to that summarized previously, Hernandez et al. (2002) examined
ammonium uptake under the same laboratory conditions for the same three algal species. At low
water flow (< 2 volumes d-1), Ulva rotundata, Enteromorpha intestinalis and Gracilaria gracilis stripped
the dissolved ammonium (from fish tank waste water). Like net phosphate uptake rates, net
ammonium uptake rate was significantly affected by the water flow, being greatest at the highest
flow (2 volumes d-1). Variations of tissue nitrogen and C: N ratios suggested that nitrogen was
not limiting macroalgal growth. As for phosphate, a significant correlation was found between
growth rates and the nitrogen biomass gained in the cultures.
Seaweed cultivation in India is 75 years old and still in its infancy, with limited landbased projects and a focus on wild-harvest of agarophytes (Subba Rao & Mantri 2006).
Enteromorpha compressa, one of the few cultivated species, is grown along the northernwest coast of
India using sea-based methods including net bag, raft (using long line/coir rope) and single rope
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floating raft (SRFT) techniques. In five harvests during the period from September to April
(along this coast, the growth period is only 8 mths due to the monsoons), 14.5 tons (fresh
weight)/ha/yr was harvested.
3.2.3.3 Ulva
Ulva was the most studied genus of cultivated green algae surveyed, comprising 87.5% of
green algae publications and at 28% of total literature, was second only to Gracilaria (31%) for
most cited genus (Table 3-7). Nine species of Ulva are included in this review, representing the
second highest diversity of species examined of any macroalgae surveyed after Gracilaria. Similar
to Gracilaria, this diversity largely reflects the interest of various countries in cultivating their local
representative. Ulva lactuca was the most studied species of green algae (8 studies).
Endemism
The most studied species of Ulva included in this review Ulva lactuca, is known from
Australia.
3.2.3.4 Ulva curvata
Growth and Composition
The effects of light on growth, RuBPCase activity and chemical composition of Ulva
curvata and Ulva lactuca were examined across a range of temperatures and nitrogen supply levels
in outdoor tanks in the USA (southeastern state of North Carolina)(Duke et al. 1986). Growth of
Ulva became increasingly light dependent with increasing temperature and nitrogen. Ulva curvata
exhibited the lowest relative growth rates (RGR) in the lowest temperatures and the highest RGR
when temperature and dissolved inorganic nitrogen were relatively high. Tight coupling of
seaweed growth and chemical composition maybe be relatively rare in nature where growth can
be simultaneously limited by light, temperature and nitrogen.
Duke et al. (1989a) examined nitrogen uptake rates of Ulva curvata and Codium decorticatum
grown under several nitrogen addition regimes using perturbation and continuous mode
techniques, as well as nitrogen demand by calculating the product of growth rate and tissue
nitrogen. Experiments were conducted in outdoor tanks in the USA (southeastern state of North
Carolina). Nitrogen uptake rates of U. curvata were inversely correlated with tissue nitrogen and
only slightly affected by temperature. Nitrogen uptake rates of U. curvata were higher than those
of C. decorticatum, suggesting that U. curvata may experience a more variable nitrogen supply than
C. decorticatum. The dissimilar functional forms of each species, as well as the ephemeral nature of
U. curvata compared with the more persistent nature of C. decorticatum, were thought to explain
nitrogen uptake differences in each species.
The effects of nitrogen supply variability and annual temperature and light variation on
growth rates and chemical composition were assessed in Ulva curvata (Duke et al. 1989b). Plants
were supplied with running seawater and either pulsed or continuous nitrogen additions for eight
days in outdoor tanks in the USA (southeastern state of North Carolina). Temperature explained
44% of variation in growth rate and temperature, light and N supply together explained 53% of
variation in growth rate.
3.2.3.5 Ulva fenestrata
Growth and Composition

3-104

20.04.10
Naldi & Wheeler (1999) conducted nutrient-enrichment tests on two species of
macroalgae (green algae Ulva fenestrata and red algae Gracilaria pacifica) in the laboratory (7-L tubs)
in the USA (Oregon, northwest coast). In U. fenestrata, nitrate and ammonium enrichments
resulted in a significant increase in total nitrogen (TN) from 2.41% dry weight (dw) to 4.19% and
4.71% dw, respectively. Proteins and free amino acids (FAA) were the most important nitrogen
storage pools. Protein-nitrogen ranged from 700 to 2300 µmol N g dw-1 (43%-66% of TN) and
contributed most to TN increase (41%-89%). The FAA pool was always larger in G. pacifica than
U. fenestrata. In both species, FAA pool accounted for 4%-17% of TN (70-600 µmol N g dw-1).
U. fenestrata used nitrate as a temporary storage pool, while G. pacifica simply had a smaller nitrate
pool.
Ulva fenestrata and Enteromorpha intestinalis were grown under various nutrient regimes in
indoor semi-continuous and batch cultures under controlled laboratory conditions in the USA
(Oregon, northwest coast)(Bjornsater & Wheeler 1990). In U. fenestrata, tissues with N:P<16 was
indicative of N-limitation, N:P 16-24 was optimal for growth and N:P>24 was indicative of Plimitation. Maximum growth rates for U. fenestrata (32±3% d-1, mean±SD) were significantly
higher than for E. intestinalis (18±5% d-1, mean±SD) and these maximum growth rates were
lower than for that obtained for ulvoids by others (Lapointe & Tenore 1981, Ramus & Venable
1987, Duke et al 1989 with 36, 30, 52% wet wt day-1, respectively), likely a result of lower water
temperatures used in the present study. Comparing tissue nitrogen and phosphate of macroalgae
grown in batch cultures is useful for monitoring the nutritional status of macroalgae. Color even
easier (Robertson-Andersson 2009)!
3.2.3.6 Ulva lactuca
Growth and Composition
The effects of light on growth, RuBPCase activity and chemical composition of Ulva
curvata and Ulva lactuca examined across a range of temperatures and N-supply levels in outdoor
tanks in the USA (southeastern state of North Carolina)(Duke et al. 1986). Growth of Ulva
became increasingly light dependent with increasing temperature and nitrogen. Light and
nitrogen both significantly affected relative growth rate in Ulva lactuca, with light accounting for
74% and nitrogen for 20% of the variation. Low light resulted in tissue fragmentation. Tight
coupling of seaweed growth and chemical composition maybe be relatively rare in nature where
growth can be simultaneously limited by light, temperature and nitrogen.
Growth rates of Ulva lactuca under experimental conditions in effluents from marine
fishponds were higher than in pulse-enriched fresh seawater in Israel (Neori et al. 1991). Maximal
dry weight (DW) yield was 55 g m-2d-1 and the maximal specific growth rate (SGR) was 18 % day1. C:N ratio in plant tissue dropped from over 15 to approximately 7 (w:w) when grown at low
and high N-fluxes, respectively. Both SGR and yield decreased significantly, as did mostly also
the C:N ratio with increased stocking density (up to 6 kg m-2 under nitrogen-sufficient
conditions). These data suggest the seaweed to be nitrogen-limited at low nitrogen-fluxes and
light-limited at high nitrogen fluxes, especially at high stocking densities. The high yields of U.
lactuca grown in fishpond effluents indicate that these effluents supply U. lactuca with all its
required nutrients including inorganic carbon. For high yield and high nitrogen content, U. lactuca
should be kept at densities of 1-2 kg m-2 and at ammonia fluxes of about 0.5 moles m-2 d-1.
Nitrogen content can be increased further, but at reduced yield, by increasing the stocking
density to 4 or 6 kg m-2.
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Land-based IMTA culture of Haliotis tuberculata and Ulva lactuca was tested in Israel
(Neori et al. 1998). Ulva lactuca showed reliable growth and filtration performance (mean
production of 230 g fresh weight/m (2)/d, removing on average 58% of nitrogen supplied). It is
estimated that 1 kg of abalone biomass would require food supplied by 0.3 m (2) of U. lactuca
culture, reducing nitrogen inputs required by 20% and nitrogen in effluent by 34% when
compared to the two organisms grown in monoculture. The abalone grew on average 0.26% and
0.25% body weight/d in the two culture tanks and reduced growth and increased food
conversion ratios (food eaten/biomass gain; w/w) were associated with high summer water
temperatures (max. 26.90C).
By culturing Ulva lactuca at two levels of ammonia-nitrogen enrichment, Shpigel et al.
(1999) was able to compare the nutritional value of Ulva lactuca with different tissue nitrogen
levels to abalone growth. The study was conducted in Israel using land-based indoor 28L aquaria.
U. lactuca grown under high nitrogen conditions yielded less product, but that product was almost
four times more protein-rich than U. lactuca grown under low nitrogen conditions, with negligible
differences in energy. Specifically, cultures exposed to „low nitrogen‟ treatments (0.5 g ammonianitrogen m-2d-1) yielded 164 g m-2 d-1 of fresh thalli containing 12% crude protein in dry matter
and 12 kJ g-1 energy while cultures experiencing „high nitrogen‟ treatments (receiving 10 g
ammonia-nitrogen m-2 d-1) produced 105 g of fresh thalli m-2 d-1 containing 44% protein and 16
kJ g-1 energy. High-N and low-N algae and a "standard" mixed diet of 75% U. lactuca and 25%
Gracilaria conferta (wet weight, w/w) containing 33% protein and 15 kJ g-1 energy were fed to
juvenile (0.7-2.1 g) and adult (6.9-19.6 g) H. tuberculata and H. discus hannai in a 16-week feeding
trial. Preference for high-N and standard diets was significantly lower than for the low-N diet in
all cases, with differences evident between adults and juveniles. Juveniles fed high-N and
standard diets grew significantly faster (specific growth rate of H. tuberculata was 1.03% day-1 on
high-N algae as compared to 0.72% on low-N algae; H. discus hannai grew 0.63 and 0.3% day-1 on
high- and low-N algae, respectively) and showed much better food conversion ratios. Preference
aside, the nutritional value of U. lactuca to abalone is greatly improved by high protein content,
attainable by culturing the seaweed with high supply rates of ammonia.
Although the focus of the study by Naidoo et al. (2006) was to compare growth of
Haliotis midae on a range of different diets, some of the findings are relevant to seaweed
cultivation. Results showed that abalone grew well on all fresh seaweed combinations, but grew
best on a mixed diet that included Ulva lactuca. Abalone fed on the mixed diet grew at 0.066 mm
day-1 shell length and 0.074 g day-1 body weight; this corresponds to 24.09 mm shell length and
27.01 g body weight increase per annum. Abalone grown on Abfeed (R) grew at 0.049 mm day-1
shell length and 0.046 g day-1 body weight which corresponds to 17.88 mm and 16.79 g increase
per annum; this is better than the dried seaweed feeds, but poorer than the fresh seaweed
combinations. The success of the mixed diet was inferred to be a result of farm-grown, proteinenriched Gracilaria gracilis and Ulva lactuca.
Robertsson-Anderson et al. (2007) compared growth of Ulva lactuca in twenty-five
percent recirculating (recirc) and non-recirculating land-based outdoor tanks (flow-through, FT)
connected to abalone H. midae (fed 90 kg fresh brown seaweed Ecklonia maxima/week) tanks
(two 3,000 L seaweed tanks and 12,000L abalone tank) in South Africa. Seaweed nutrient
concentration and specific growth rates were comparable to that for fertilized effluent
(SGR=3.2 3.4% per day; Yield=0.2 0.19 kg m2). No significant difference was found in algal
production between recirc and FT tanks and the average tissue protein was 36.6% for recirc and
33.4% in fertilized seaweed tanks. The protein content of U. lactuca was found to be in the range

3-106

20.04.10
beneficial to H. midae (36-44%) and average tissue protein levels were higher in cultivated U.
lactuca than in wild U. lactuca (3.7-24%). During summer, seaweeds exhibited higher SGR but
lower tissue nitrogen levels. Recirc performed best in cooler months and transferred warm water
to abalone tanks in winter. Low ammonium, nitrate and nitrite concentrations in recirc seaweed
tanks indicate biofiltration did occur, with higher phosphate levels in the recirc tanks suggesting
nitrogen-limitation. Other relevant findings include: 1) the need to regulate seaweed density, as
high densities can limit growth and 2) tank size influences SGR, with bigger tanks showing
reduced SGR.
The effect of nutrient loading and physical agitation on growth of Ulva lactuca was tested
in outdoor tanks (surface areas of 1m2) as well as laboratories in Israel (Msuya & Neori 2008).
Agitation treatments affected the performance of U. lactuca only under total available nitrogen
(TAN: NH3+NH4+) load levels below 4 g N m-2 day-1; with biofiltration of TAN the parameter
most affected. Biomass yield at each of four tested nutrient loading regimes (very high: 38 g N m2 day, ~134 uM, high: 7 g N m-2 day, ~26 uM, low: 4 g N m-2 day, ~20 uM, very low: 1 g N m-2
day, ~7 uM) were not significantly different between agitation treatments (no aeration, tidal, tidal
+ aeration, aeration). Protein content increased significantly only at the lowest nutrient loading
levels. There were no significant differences in dissolved oxygen (DO), pH and temperature
among the agitation treatments at all nutrient loading levels. Under lab conditions, growth rates,
protein content and photosynthetic and biomass yield of the seaweed were affected by water
velocity only under low nutrient concentrations. Once nutrient concentrations were high enough
(above ~4 uM of TAN + other nutrients in their corresponding proportions), aeration per se was
not found essential for effective growth and biofiltration of seaweeds.
A relationship exists between thallus color and tissue nitrogen in tank-cultivated Ulva
lactuca studied in South Africa (Robertsson-Anderson et al. 2009). The transition between greenyellow and green that occurs between 1.5 and 1.7 mg N per g tissue (Pantone colors 585U-583U)
was found with green-yellow colors indicating nitrogen-starved material and green indicating
nitrogen-replete material. This relationship is useful for seaweed farmers as quick guide to
determine nutritional status and as an indication of protein content for use as feeds.
3.2.3.7 Ulva pertusa
Growth and Composition
Nitrogen storage of Gracilaria tenuistipitata var. liui was compared with Ulva pertusa under
ammonium enrichment and starvation scenarios (Liu & Dong 2001). After 10 days of
ammonium enrichment, ammonium NH4+, free amino acid (FAA), protein (pro), chlorophyll
(Chl), phycoerythrin (PE) and total dissolved nitrogen (TDN) in both species increased
significantly. Total nitrogen (TN) was similar between the two species and increased significantly
from 3.65% to 5.78% dry weight of Gracilaria tenuistipitata var. liui and 2.82% to 5.07% dw of U.
pertusa. Protein and FAA were the most important nitrogen storage pools and each nitrogen pool
in U. pertusa decreased more rapidly than in Gracilaria tenuistipitata var. liui, with Gracilaria
tenuistipitata var. liui able to sustain fast growth for longer than U. pertusa. Nitrogen demands for
growth were different; U. pertusa grew more rapidly and had higher nitrogen demands than
Gracilaria tenuistipitata var. liui.
Growth and nutrient uptake was tested for Ulva pertusa in land-based outdoor (unshaded,
northward-facing) tubs in New Zealand under a range of flow and wave surge scenarios (Barr et
al. 2008). At maximum bulk flow rates tested, wave surge increased growth (wet mass) 1.6-fold
and wave surge increased the rate of ammonium uptake 1.5-fold over the full range of bulk flow
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rates tested (0.2 to 2.9 mm s-1). In winter, when light was limiting, growth (wet mass) was
relatively unaffected by wave surge and completely unaffected by experimental nitrogen and
phosphorus nutrient additions. However, in summer, when ambient nutrients likely limited
growth, wave surge increased growth in wet mass at low (0.21 mms-1) and high (4.06 mm s-1)
bulk flow rates, and nutrients increased growth rates at low but not high bulk flow rates. The
effect of wave surge on U. pertusa at low bulk flow rates (ca. <2 mms-1) is to enhance the
seaweeds access to nutrients. However, at higher bulk flow rates, wave surge has a different
effect due to provisioning of a micronutrient or removal of an inhibitory substance from the
concentration boundary layer.
3.2.3.8 Ulva prolifera
Growth and Composition
The nutritional profile of Capsosiphon fulvescens, a new species under consideration for
cultivation, was compared with Ulva prolifera under laboratory conditions in Korea (Hwang et al.
2008). C. fulvescens had significantly higher protein and total, essential and free amino acids than
U. prolifera, whereas lipid, carbohydrate and total dietary fibres in C. fulvescens were significantly
lower than U. prolifera. The suite of main minerals shared by both C. fulvescens and U. prolifera were:
Na, Mg, K, Ca and Al; these comprised approx 97-99% of the total minerals. Na and V were
higher in C. fulvescens, while Mn and Sr where significantly lower in C. fulvescens. Retinal and
ascorbic acids of C. fulvescens were significantly higher than U. prolifera, but cobalamin content was
lower. This assessment suggests that C. fulvescens is a better choice than U. prolifera for human
food and in formulated feeds.
3.2.3.9 Ulva rotundata
Growth and Composition
Martinez-Aragon et al. (2002) examined phosphate uptake in two green (Ulva rotundata,
Enteromorpha intestinalis) and a red alga (Gracilaria gracilis) under laboratory conditions (2L
volumetric flasks) in Spain. The maximum velocity of phosphate uptake was for U. rotundata
(2.86 mumol PO4 g-1dry wt h-1), not surprisingly, this species also showed the highest affinity for
phosphate. At low flow rates (< 2 volumes d-1), all three species efficiently filtered phosphate,
with a minimum efficiency of 60.7% (U. rotundata). Net phosphate uptake rate was significantly
affected by the water flow, being greatest at the highest flow rate (2 volumes d-1). A significant
correlation was found between growth rates and the net P biomass gained in the cultures.
In a companion study to that summarized previously, Hernandez et al. (2002) examined
ammonium uptake under the same laboratory conditions for the same three algal species. At low
water flow (< 2 volumes d-1), Ulva rotundata, Enteromorpha intestinalis and Gracilaria gracilis stripped
the dissolved ammonium (from fish tank waste water). Under minimum flow conditions,
unstarved cultures of G. gracilis exhibited a minimum biofiltering efficiency estimate of 61%.
While U. rotundata showed maximum velocity for ammonium uptake (89.0 NH4+ g-1dry wt h-1),
G. gracilis had the highest affinity for this nutrient. Like net phosphate uptake rates, net
ammonium uptake rate was significantly affected by the water flow, being greatest at the highest
flow (2 volumes d-1). Variations of tissue nitrogen and C: N ratios suggested that nitrogen was
not limiting macroalgal growth. As for phosphate, a significant correlation was found between
growth rates and the nitrogen biomass gained in the cultures.
Growth and photosynthetic properties of Ulva rotundata under 15 combinations of
temperature and photon flux density (PFD) were examined in land-based indoor culture in the

3-108

20.04.10
USA (southeastern state of North Carolina)(Henley 1992). Although Ulva rotundata exhibited
wide amplitude to photoacclimation, it had little capacity for temperature acclimation (e.g.
compared to brown Laminaria saccharina). Light-saturated growth rate in U. rotundata was identical
at 19 and 250C but much lower at 100C. The biomass production from absorbed light, termed
PGY (photon growth yield) was 25% higher in indoor culture (0.033 mol C mol-1) photons
absorbed vs. outdoor culture (0.026 mol C mol-1) photons absorbed. Both in the indoor
„phycotron‟ and outdoors, maximal PGY was considerably higher at lower temperatures.
Boarder & Shpigel (2001) established growth rates of juvenile H. roei fed inorganically
enriched Ulva rotundata and various artificial diets. Specific growth rates (SGR) of abalone fed
enriched U. rotundata were not significantly different (p > 0.05) from those of abalone fed the
best performing artificial diets. However, diet did significantly affect abalone survivorship at 20
ppt salinity, with the U. rotundata-fed animals exhibiting higher mortality than animals fed
artificial diets. Enrichment of wild U. rotundata increased the algal protein content from 11.4±2%
(dry weight) to 32.2±1.5% (dry weight). Results indicate that enriched U. rotundata is a suitable
feed for H. roei, yielding growth rates similar to that achieved by several commercially available
diets, except at low salinities (~20 ppt).
Changes in biomass of Ulva rotundata were monitored to assess the utility of this species
for bioremediation applications in an outdoor, tidally-flushed, earthen fish farm setting in Spain.
U. rotundata attained densities of 600 g dry mass m-2 and produced up to 20.45 g C m-2 d-1. As a
consequence of fish cultivation, phosphate and ammonium increased from pre- to post-culture
ponds, with C:N:P pre-culture at 773:57:1 and 567:64:1 in the outflow channel. Phosphorus
limited growth of U. rotundata in the spring. The estimated maximal growth rate was 0.295 ±
0.041 d-1 and growth at these levels suggests integration could increase total ecological and
economic benefits for the farm and the environment.
Ulva has long been considered a good species for seaweed biofiltration, especially of fish
effluent, as it rapidly absorbs and metabolizes nitrogen, grows fast unattached, is highly resistant
to epiphytism, and is distributed worldwide (Mata et al. 2010). However, Ulva has a low market
value. In comparison, A. armata shows promise for nutriceutrical uses, due to high antibacterial
and antifungal properties. The biofiltration efficiency of Ulva rigida was compared with
Asparagopsis armata in same culture conditions at the same time at a fish farm in southern
Portugal. A. armata exhibited similar total ammonia/nitrogen (TAN) removal rates as for U. rigida
in Dec, but better removal in May. Production rates are among the highest ever reported for
macroalgae cultivated in tanks (A. armata: 71 g dry weight (DW) m-2 d-1 (Dec.); 125 g dry weight
(DW) m-2 d-1 (May) and U. rigida: 44 g dry weight (DW) m-2 d-1 (Dec.); 73 g dry weight (DW) m-2
d-1 (May)).
Other taxa
Eight other genera/species of green algae were the subject of cultivation
experiments/trials, including: Ulva fascialis, U. armoricana, Ulva clathrata, Ulva spp., Gayralia spp.,
Capsosiphon fulvescens, Cladophora coelothrix, Chaetomorpha indica.
Endemism
Of these other green algal taxa, only Cladophora is known to occur in Australia, best it is
not C. coelothrix.
Growth and Composition
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Lapointe & Tenore (1981) examined the effects of algal density, light adaptation,
interaction of light and nitrogen on nutrient uptake, growth and biochemical composition of
growth on Ulva fascialis grown in 48L outdoor tanks in the USA (southeast state of Georgia).
With increasing plant densities (0.2 to 3.6 kg tested) specific growth rate (SGR) decreased
exponentially (0.36 to 0.02 doublings day-1, respectively). Initially plants from low light had twice
the chlorophyll a compared with plants from high light, but within one week all plants showed
no difference. Growth of U. fascialis did not saturate up to highest light levels used (255 ly day-1).
Nitrogen (NO3-) additions at low light did not affect growth but increased nitrogen at high light
resulted in increased growth. Maximum growth rates occurred with residual NO3- concentrations
of ~1µm.
To evaluate the potential of Ulva armoricana for human consumption, nutritional value
was assessed by in vitro protein digestibility over a year in France (Fleurence et al. 1999). The
protein fraction was composed mainly of aspartic and glutamic acids (24-35% of protein fraction,
according to season), while the essential amino acids constituted 27-36% of the total fraction.
The February sample of U. armoricana was unique due to the presence of glycosylated proteins,
most of which had apparent molecular weights higher than 43 kDa. The activity of human
intestinal juice was more effective than two other proteolytic systems in the October sample and
this was especially evident with a 27 kDa protein, which was only partially digested by the
intestinal liquid and not digested by chymotrypsin or trypsin. However, human intestinal juice
acting on the February sample did not attack the 27 kDa protein.
Similar to Fourie (1994), Smit (1997), Hampson (1998) and Njobeni (2006) for Gracilaria
reviewed earlier, Steyn (2000)(yet another unpublished MSc thesis from University of Port
Elizabeth, South Africa) reported that tested Ulva grew better in abalone effluents than natural
seawater and that the nitrogen and phosphorous content of the seaweeds cultured with abalone
increased compared to the same species grown in their natural habitat.
Kandjengo (2002) reported that most of the Ulva grown in experimental and economic
aquaculture systems in South African abalone farms appears to be Ulva lactuca, a globally
widespread species which probably contains many genetic entities.
Pellizzari et al. (2008) examined growth for Gayralia spp. under land-based indoor
laboratory conditions in Brazil. Plantlets of Gayralia sp. 1 from in vitro cultures showed a broader
tolerance to all salinity and irradiance levels tested, with the highest growth rate (GR: mean 17%
day-1) at 21.50C and 100 µmol photons m-2s-1. Plantlets of Gayralia sp. 1 collected in the field
during winter showed higher GR than plantlets collected during the summer (5% day-1 to 7.5%
day-1 in salinities from 20 to 40 psu compared with 2% day-1 to 4.3% day-1). Gayralia sp. 2 from
the field exhibited the highest GR at salinity of 15 psu. Observed species differences were found
to be consistent with distribution in the wild. Gayralia sp. 1 occupies outer areas and Gayralia sp.
2 is found in inner areas. Gayralia sp. 1 has a higher potential for aquaculture due to larger thalli,
higher GR and wider environmental tolerance than Gayralia sp. 2.
The nutritional profile of Capsosiphon fulvescens, a new species under consideration for
cultivation, was compared with Ulva prolifera under laboratory conditions in Korea (Hwang et al.
2008). C. fulvescens had significantly higher protein and total, essential and free amino acids than
U. prolifera, whereas lipid, carbohydrate and total dietary fibres in C. fulvescens were significantly
lower than U. prolifera. The suite of main minerals shared by both C. fulvescens and U. prolifera were:
Na, Mg, K, Ca and Al; these comprised approx 97-99% of the total minerals. Na and V were
higher in C. fulvescens, while Mn and Sr where significantly lower in C. fulvescens. Retinal and

3-110

20.04.10
ascorbic acids of C. fulvescens were significantly higher than U. prolifera, but cobalamin content was
lower. This assessment suggests that C. fulvescens is a better choice than U. prolifera for human
food and in formulated feeds.
Green tide algal blooms exhibit fast growth rates and efficient nutrient uptake and these
attributes make them good candidates for bioremediation in pond-based aquaculture (de Paula
Silva et al. 2008). Growth under a range of abiotic parameter variation was tested for Cladophora
coelothrix, Chaetomorpha indica and Ulva spp. in land-based outdoor laboratory tanks in tropical
Australia (de Paula Silva et al. 2008). All species exhibited broad tolerances to salinity (5-45‰)
with each having a different optimum for growth: Cladophora coelothrix 30‰, Chaetomorpha indica
20‰, Ulva spp. 15‰). Chaetomorpha indica and Ulva spp. exhibit highest growth at ~14% day-1
and ~25% day-1 respectively at higher total available nitrogen (TAN) levels (>70 umol l-1) but at
different salinities. Cladophora coelothrix was optimum at lower TAN (~35 umol l-1) and 36‰ but
inhibited at highest TAN. Tests in operational bioremediational settings revealed that while high
growth rates of Cladophora coelothrix were maintained (~6% day-1), Chaetomorpha indica performed
poorly.
Growth, biofiltering efficiency and uptake of Ulva clathrata receiving effluents directly
from shrimp aquaculture ponds was studied in outdoor 250L tanks under natural light and
temperature conditions in Brazil (Copertino et al. 2009). U. clathrata was highly efficient in
removing main inorganic total available nitrogen (TAN) and 50% PO4 within 15 hours compared
to control tanks. After three days, the mean uptake rates by the seaweed biomass under
continuous flow were 3.09 mg dissolved inorganic nitrogen (DIN) g DW day-1 and 0.13 mg PO4
g DW day-1, significantly higher than in the static regime. Decreased chlorophyll a indicated that
U. clathrata inhibited phytoplankton growth. Correlations of DIN removal and seaweed biomass
increase suggested that nutrient removal by U. clathrata dominated over other processes,
including phytoplankton and bacterial assimilation, ammonia volatilization and nutrient
precipitation.
A SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis for commercial
growth of Ulva spp. in integrated systems for abalone feed was conducted to determine why
cultivation has been so successful in South Africa, but not in other countries (Bolton et al. 2009).
One strength of Ulva as a cultivar is that it grows easily and unattached. It also has affinity for
growth in high nitrogen concentrations, which in turn enhances protein levels to abalone. As
water is already pumped to abalone, no additional cost is incurred for circulating water to Ulva
spp. tanks. The abalone benefits from Ulva cultivation because a byproduct of recirculation is
increased temperature for the abalone. A weakness of algal cultivation is that it is easier for the
farmer to use and administer formulated feed versus fresh algae, which requires construction and
maintenance of large seaweed tanks. Ulva is taxonomically difficult and it is hard to identify and
control what species you grow, moreover, preferred species do not seem to grow in the shade.
Myrionema infestations reduce yields of Ulva spp. and high DMSP levels, which transfer from
tank-cultivated Ulva to the abalone, make the abalone flesh unpalatable. The opportunities
include expectations for the South African abalone industry to double in five years. Ulva can be
integrated into formulated feeds and/or used as a replacement for fishmeal/fish and utilized in
rotation diets. Better marketability can be achieved with abalone grown on seaweed (e.g. organic
abalone) and growing your own feed helps to reduce the harvesting from natural kelp beds. The
identified threats to IMTA of Ulva and abalone include: 1) long-term financial viability, 2) storms
and 3) diseases exacerbated in integrated systems. However, the most important threat is not real,
but the farmer‟s perception of the industry.
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3.3 Summary of cultivation success and relevance to
Australia
Of 100 studies surveyed on seaweed cultivation worldwide, only two studies (both on
green algae) were from Australia indicating little published literature and excellent future
R&D opportunities
Ulva, the most published species (U. lactuca, 8 studies) occurs in Australia, as well as other
Ulva species, offers excellent potential for abalone feed, especially given solid body of
research in co-culture with abalone H. midae from South Africa
Like Ulva, Gracilaria supported by large body of published work over many years, with
good cultivation success in many countries, indicating promise for mariculture purposes
in Australia. Introduced species could be considered, but better yet one of the ~ 8
Australian species of Gracilaria.
Lack of work on brown algae relative to other groups suggests cultivation difficulties in
tanks, however sea based cultivation is a clear opportunity here. Given importance of
browns to greenlip and blacklip nutrition (Guest et al. 2008) and observation that
abalone feed on drift (recently dislodged and fresh dead), beach cast harvest (replete with
epiphytes + detritus) in Australia, might still be a viable strategy for incorpating browns
into abalone diet.
Recent bioremediation work can inform IMTA. For example, recent publication on
Asparagopsis armata (Mata et al. 2010), a species known from Australia, suggesting high
growth and good bioremediation potential in cultivation, holds promise for
IMTA/abalone aquaculture applications in Australia.

3.4 Candidate algal species list
Combining the findings from Section 2 (preferred algae of greenlip and blacklip) with
those of Section 3 (seaweed cultivation) assists in targeting algal species and/or genera that are
good candidates for seaweed cultivars in Australia to be used in part as feed for abalone
aquaculture trials with Haliotis rubra, H. laevigata and hybrid. Here it was attempted to find
representatives candidates from 3 algal classes to provide for a multi-species diet, and six taxa
were identified that met selection criteria (Table 3-6).
Table 3-6. Six selected taxa of seaweed with potential for cultivation and feed for abalone in southern
Australia (VG=very good, G=good, Av=average).

Taxa
Gracilaria sp.
Asparagopsis armata
Gelidiaceae
Ecklonia radiata
Macrocystis augustifolia
Ulva sp.

Greenlip, blacklip preference
VG
G
VG
G
G
G

Cultivation success
VG
VG
AV
AV - G
G
G
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Table 3-7. Full list of potential seaweeds that may be suitable for abalone feeds and cultivation. 2Study types include Biochemical composition (BC), growth (G), Nutrient use (N),
Propagation (R). 3Purpose/application includes Bioremediation (B), Experimental basic research (E), Human consumption (HC), integrated multi-trophic aquaculture (IMTA),
Phycocolloids (P), Survivorship (SU). Seaweed species abbreviations are provided at the bottom of the table.

Article
RED ALGAE
Asare & Harlin
1983

Rueness &
Tananger 1984

Mollion 1984

Algae1

Location

Study Type2

Facility

Purpose3

Cc, Browns: Lams,
An, Fv, Green:
Codf

USA (Rhode
Island,
northeastern
state)

N

Algae field
sampled

E

Gv, Gel, Dr, Fl

Norway

G

Land-based,
laboratory tanks
and outdoor
basin (Fl only)

E

Ccr, Hm

Corsica

G, N

Land-based,
outdoor tanks, 1
or 3 m x 1m x
0.7m

E

Short summary of major findings
Species showed similarity in pattern of seasonal
fluctuation in both nitrate and total nitrogen. Greatest
accumulation (Jan-Mar) coincided with period of highest
[] of inorganic nitrogen in the water and least growth.
Lowest tissue nitrogen (≤50% of winter value, May-July)
coincided with period of lowest [] of inorganic nitrogen in
the water and highest growth. Greatest accumulation in
Lams at 80 µmol g dry wt -1, 4x that measured
simultaneously in other species and 560X ambient []s. By
April internal nitrate []s dropped to almost undetectable
but by Aug. increasing, pattern exhibited by all 5 species.
Of 5 species tested, greatest [] of total tissue nitrogen was
measured in only red tested, Cc with 4.8% dry weight,
double the maximum in Lams with 2.3% dry weight. Codf
exhibited highest summer []s of tissue nitrogen.
Gel and Gv grew best at 240C, the highest temperature
tested and best growth in terms of salinity occurred at
30‰. Dr grew best at 6-100C. Fl increased form 34 kg to
92 kg from 13 Aug. 1982 to 23 Mar. 1983 corresponding
to a mean SGR of 0.44% d-1 or a doubling time of 157 d.
Not really good candidates, esp Fl as low yield and slow
growing, for culture and/or Australia. Results similar to
those found by Bird et al. 1979
Experiment t o show that climatic conditions in Corsica
permitted both a tropical and temperate species to grow
The optimal parameters for best production of Hm are
~50-70 µM NO3- and a culture density between 3 and 6.5
kg m-2. At 69 µM NO3-, Hm showed an efficiency of
34.4% in the assimilation of nitrogen added.
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Hanisak & Ryther
1984

Gtik

USA (Florida,
southeastern
state)

G

Land-based,
outdoor
laboratory tanks
(55L) & ponds

E

Smith et al. 1984

G, mainly Gdom

St. Lucia, West
Indies

G

Sea-based, long
lines

E

Gv

China

G

Sea-based, low
fixed and
floating raft
types at terraced
fields in the
intertidal

E

Ren et al. 1984

Mean productivity of 34.8 g dry wt m-2d-1 (equiv. to 127.0
t ha-1a-1 about ½ of which was organic). Growth was
maximal (46 g dry wt m-2 d -1) at the end of July and
minimal (12 g dry wt m-2 d -1) in late January. Maximal
yields occurred at relatively low nutrient enrichments (10100 µM nitrogen and 1-10 µM phosphorus) and at a
stocking density of 2-4 kg wet wt m-2. Yield among
highest recorded for any plant, but it must be
remembered that these represent idealistic conditions,
unlikely to be commercially feasible, as very energy
intensive. Successfully scaled up to larger tanks (2.4-29 m2
in surface area and 2,400-24,000l in vol), with yields of 2225 g dry wt m-2 d-1 (equiv. to 80-91 dry t ha-1 a-1). Bottom
culture in large ponds (10-20 m2 and vol to 25,000 l) with
lower yields 5-8 g dry wt m-2 d-1 (equiv. to 18-29 dry t ha-1
a-1)
Harvest and growth of G (mainly Gdom) from two
monolines 4.0 m long and at 1.0 m depth produced 337
dry wt m-1 for 257 days on Line 1 (x=1.3 g m-1d-1) and
323 dry wt m-1 for 204 days on Line 2 (x=1.6 g m-1d-1).
Plots of 100 m2, each containing 200 m of cultivation line
are planned and expected to yield repeated harvests of up
to 70 g dry wt m-1 mo-1, and at 10 harvests per year would
give 0.7 kg m-1 of line or about 140 kg per plot.
Comparison of fixed and floating intertidal raft cultivation
of Gv. Early growth best on floating rafts, however fast
growth at later stages on fixed rafts. Growth rates of
fragments varied with time of planting, with slow growth
early in year and faster growth with spring transplantation.
Water transparency (sunlight penetration) important
determinant of growth up to 2 m. Max. daily growth
(w/w) 10% and 12% per day for fixed and floating rafts,
respectively. Optimum temperatures for growth 15-200C.
Fouling problematic. Avg. production higher for floating
vs. fixed rafts, but in long-term fixed may be better able to
resist weed species, extend planting periods and
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Li 1984

Py

China

G,R

Laboratory and
sea trials

E

Gv, Gsjo

China

G

Sea-based, raft
culture

E

Aken et al. 1993

Gpris

South Africa

G

Sea-based, rope
attached or
sewn into net
bags attached to
metal frames

E

Mollion & Braud
1993

Ed, Est

Madagascar

G

Sea-based, fixed
bottom stake
and monoline
technique

E

Li et al. 1984

distributte lower light intensities.
Monosporeling (Msp) vs conchosporeling (Csp)
compared, with growth of Msp higher than Csp under the
same conditions in lab, with growth improved with
increasing light intensity. In the sea, both sporelings
exhibited higher growth than in the lab, with Msp growth
superior to Csp (harvests (grams) of Msp: 34.9, 40.1, 55.1
vs Csp: 36.1, 39.0, 39.2). Other benefits of Msp were the
more rapid germination and larger thallus size at an earlier
stage compared with Csp.
A G fragment after 2 mths of cultivation would be about
50 cm long and weigh about 55 g with possible max of 1.4
m length and 170 g on rafts, never possible in the
intertidal. For Gv at optimum temp of 12-200C, the avg
growth rate was 29 g fresh wt m-1 d-1 with max of 49 g
fresh wt m-1 d-1. For Gsjo at optimum temp of 16-230C
(spring) and 24-140C (autumn), the avg growth rate was
19.5 g fresh wt m-1 d-1 (spring) and 10.4 g fresh wt m-1 d-1
(autumn) with max of 27 g fresh wt m-1 d-1
Plants in net bags increased their biomass first 2 wks, btu
only surface plants had a significantly higher biomass
(~20%) by wk 2. Although degeneration occurred from
wk 3 on, surface plants did increase their biomass by up
to 19% but changes were not significantly higher due to
high data variance. Plants growing on limpet shells did
better than net grown plants and an expt was initiated to
test growth on shells. However, this expt began at same
time as sea temps dropped and biomass gradually
declined.
Ed and Est exhibited similar maximum growth rates (as
SGR) of 2.8% d-1 occurring in fall and summer,
respectively with minimum growth for both species in
warmest months (Feb-Mar). Mean growth rates relatively
low but high SD suggests strain selection could produce
improved growth. Preliminary selection expts led to
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Lirasan & Twide
1993

Bohol, Philippines
strains of Ec, Es,
Esp

Tanzania

G

Sea-based, fixed
bottom stake
and monoline
technique

E

Oohusa 1993

Por

Japan, Korea,
China

Fourie 1994
(unpub Msc thesis
U Port Elizabeth)

Gv

South Africa

G, N

Land-based,
outdoor tanks

IMTA with H.
midae

Buschmann et al.
1995

G

Chile

G

Sea-based

E

Haliotis discus
hannai

strains resistant to breakage and increased growth rates
(up to 3.3%d-1). Ice-ice disease in area a problem from
Jan-Mar.
DGR of Esp 6-7% (initiated in July), with DGR at 4.5%
in colder months (May-Aug), but poor growth in other
months. Ec contrated ice-ice disease and epiphytes and
grew poorly. Commercial farming undertaken after trials
and test plantings in 1990 with 246t dry Esp from ~1200
farms, with 90% coming from Jambiani area. In 1991 Esp
farming spread and yielded 1514 t, with close to 2000t if
newcomers added and expectation for 3000 t in 1992 and
at full capacity 5-6000t along east coast.
Intensive seaweed cultivation for Porphyra in Japan, Korea
and China (cited by Hwang et al 2009). The cultivation of
Porphyra „Nori‟ in Seaweed cultivation and marine
ranching. Jap Int Coop Agency, Yokosuka, pp. 57-74.
Seaweeds grow better in abalone effluents than natural
seawater. Both nitrogen and phosphorous content of the
seaweeds cultured with abalone increased compared to
the same species grown in their natural habitat.
Subtidal cultivation systems appear to be more productive
than intertidal systems and are less susceptible to wave
action than intertidal cultivation areas. Issues with
identification of cultivated species. Two farming methods
impt: Direct method and Plastic Tube method (both
inserted into sandy substrates), latter favored in subtidal
cultivation. Artificially planted areas show same seasonal
biomass patterns as natural beds, with high growth rates
in spring and lower growth in other seasons in intertidal
and subtidal. Subtidal growth influenced by light
availability and water temp, while intertidal growth
dictated by air temp and humidity indicating emersion
important. Biomass can reach 91-149 t ha-1yr-1 in subtidal
and never more than 72 t ha-1yr-1 in intertidal. Depth of
cultivation impt: 132 t ha-1yr-1 at 1.5 m, too shallow and
plants bleach (no higher than 2-2.5 m about MLW) and
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Braud & Amat
1996

Ccr

France

G

Outdoor, paddle
wheel tanks of
260 m2 and up
to 1000 m2

E

Salazar 1996

G

Ecuador

G

Outdoor tanks
of 1 and 18m3

E

Smit et al 1996

Gg

South Africa

G, N

6 45-L glass
aquaria

E

Smit 1997 (unpub
Msc thesis U Port
Elizabeth)

Gv

South Africa

G, N

Laboratory
based culture
system

IMTA with H.
midae

too deep (no more than 4-5 m) and productivity
decreases. Density impt: subtidal plants 0.6 kg m-2,
intertidal plants 1.2-0.6 kg m-2. Other factors to consider
include harvesting frequency, harvesting tools, spatial
arrangement of the inoculum, strain selection.
Testing of carbon injection to find minimum amount
needed (as costly) to achieve maximum algal growth.
Production peaked at ph 8-8.2, the economic optimum
for pH regulation was 8.4-8.5, where CO2 injection was
greatly reduced (~29%) for only a slight decrease in
production (~4%). A complementary source of carbon
was found in underground sal water with a high and stable
DIC [] (10.15±0.25 mmoleCl-1) and mixing allowed
further economy of CO2 (~20% at pH 8.5) and nutrients
(~12%), cutting unitary costs by about 17%.
One kg of fresh seaweed inoculated into each tank
produced a biomass of ca. 3 kg in a period of 35 days in
the 1 m3 tank and 18 kg in 43 days in the 18 m3 tank.
Seaweed aquaculture could be paired with existing shrimp
farm to use effluent for growth.
Max growth rate of ca 35% wk-1 obtained at 1200 µM
NH4-N. Alga able to grow at non-nitrogen limited rates
using only internal store nitrogen to sustain growth for 1
wk before the growth rate decreased to ~17% per week.
NH4-N pulse frequency did not affect growth rate but 1
pulse per week led to marked decrease in total N, protein,
phycoerythrin and chla. An increase in pulse frequency to
2 pulses per week doubled the protein content from
2.351±0.143 to 4.453±0.09% (per unit dry mass).
Carbohydrate content was inversely related to nitrogen
storage. The growth rate in fouled tanks was always lower
than in clean tanks.
Seaweeds grow better in abalone effluents than natural
seawater. Both nitrogen and phosphorous content of the
seaweeds cultured with abalone increased compared to
the same species grown in their natural habitat.
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Hampson 1998
(unpub Msc thesis
U Port Elizabeth)

Gg: 2 strains

South Africa

G, N

Laboratory
based culture
system

IMTA with H.
midae

Neori et al 1998

Gcon

Israel

G, N

Land-based
culture

IMTA with
Haliotis tuberculata

Anderson et al.
1999

Gg

South Africa

G, N

Sea-based

B

Capo et al. 1999

Gfer

USA (Florida,
southeastern
state)

G

Land-based,
laboratory,
raceway tanks

E

Naldi & Wheeler
1999

Red: Gpac, Green:
Uf

USA
(northwestern

G, N

Laboratory, 7L
tubs

E

Seaweeds grow better in abalone effluents than natural
seawater. Both nitrogen and phosphorous content of the
seaweeds cultured with abalone increased compared to
the same species grown in their natural habitat.
The abalone grew on average 0.26% and 0.25% body
weight/d in the two culture tanks; reduced growth and
increased food conversion ratios (food eaten/biomass
gain; w/w) were associated with high summer water
temperatures (max. 26.9 degrees C). Gcon growth was
highly erratic and was deemed unsuitable for the current
IMTA application.
Seasonal influence of Gg cultivation closer to (treatment)
and further from (control) fish waste site occurred. In Oct
and Nov 1996, all the Gg at the control site died, while
growth at the fish waste site was good (between 8 and
10% day(-1)). In Nov-Dec control plants grew slightly
faster than those from the waste site, in Feb the reverse
occurred, and subsequently (Mar-June) growth was similar
at both sites as winter winds caused mixing. Analyses of
the stable N isotope ratios in the Gg tissues indicate
considerable uptake of the fish-waste N even at the
control site. The fish waste provided a significant source
of N for seaweed cultivated throughout the northern area
of Small Bay, particularly in summer when stratification
high.
Gfer was grown continuously for 4 years. Productivity
ranged from 21.4 to 59.2 g d. wt m-2 d-1 with a mean of
39.7 g d. wt m-2 d-1 over 4 yrs. Productivity was regulated
primarily by seasonal changes (light, temp) which
accounted for 75% of the variability of growth. Salinity
31.0 to 36.5 ppt with insignificant effects on growth.
Epiphytic growth on the target species was negligible (<
3% total biomass) due to pulse-feeding. The yields
attained among highest reported.
Uf nitrate and ammonium enrichments resulted in a
significant increase of TN from 2.41% dry weight (dw) to
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state of
Oregon)

Evans & Langdon
2000

Palm

USA

G

Land-based, coculture 110 L
tanks

IMTA with H.
rufescens

Nelson et al 2001

Gp

USA (Hawaii)

G

Land-based
shrimp effluent
drainage ditch +
Floating cage
culture for grow
out

HC

4.19% and 4.71% dw, respectively. In Gpac, TN increased
more under ammonium enrichment than under nitrate
enrichment. In both species, proteins and FAA were the
most important N storage pools. Protein-N ranged from
700 to 2300 µmol N g dw-1 (43%-66% of TN) and
contributed most to TN increase (41%-89%). FAA pool
always larger in Gpac. In both species, FAA pool
accounted for 4%-17% of TN (70-600 µmol N g dw-1). Uf
used nitrate as a temporary storage pool, while Gpac had
a smaller nitrate pool. PE pool in Gpac less important
than FAA as a storage pool.
Water volume exchange rate had positive effect on algal
production in all seasons except winter and was greatest
in summer (123 g wet wt m-2 d-1 in 24 h/1x treatment to
414 g wet wt m-2 d-1 in 24 h/35x treatment). Similarly
duration of supplemental illumination had a positive
effect on dulse production for all seasons and was most
dramatic in winter (14 g wet wt m-2 d-1 in Oh/35
treatment to 320 g wet wt m-2 d-1 in 24 h/35x treatment).
The growth rates of abalone fed dulse grown under all coculture conditions (range: 112-132 µm shell length d-1)
compared favorably with that of abalone fed on other
algal and artificial diets. Like dulse growth, the duration of
supplemental illumination and water volume exchange
rate affected abalone growth.
Commercial production of GP using shrimp farm
effluents using 2-phase system. Mean relative growth rates
(RGR) of effluent-enriched thalli ranged from 8.8-10.4%
day-1, a significant increase in growth (from 4.6% day-1)
over thalli fertilized with inorganic fertilizer. Thalli grown
in effluent ditch also showed lower growth rates (4.7%
day-1), similar to that for thalli fertilized with inorganic
fertilizer, than cage-culture. In cage-culture, thallus
nitrogen declined without fertilization to about 1% and
C:N increased to between 20-30. Transfer to effluent
ditch for enrichment caused N content to rise over 5 days
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E

E

to 3%, with C:N near 10.
Relative growth rates (RGRS) were 4.0-11.0% day-1 on
polypropylene ropes and 5.0-7.0% day-1 on „netlon‟ lines
respectively. The RGR of Langebaan Gg isolate grown on
ropes was significantly higher than RGR of other isolates.
The mean net yield for Langebaan Gg isolate grown on
„netlon‟ lines was 2.6±0.9 kg wet wt m-2 30-day-1.
Although this site suitable for gracilarioid cultivation,
occasional low oxygen events lead to high H2S in water
(black tides) leading to almost 100% mortality of inshore
biota, including seaweeds.
N storage of Gten and Uper under ammonium
enrichment and starvation were compared. After 10 days
of ammonium enrichment, ammonium NH4+, free
amino acid (FAA), protein (pro), chlorophyll (Chl),
phycoerythrin (PE) and total dissolved nitrogen (TDN) in
both species increased significantly. Total nitrogen (TN)
increased significantly from 3.65% to 5.78% dry weight of
Gten and 2.82% to 5.07% dw of Uper. Protein and FAA
most important N storage pools. Each N pool in Up
decreased more rapidly than in Gten, with Gten able to
sustain fast growth for longer than Uper. N demands for
growth were different; Uper grew more rapidly and had
higher N demands than Gten.
Growth in tanks was density dependent, with highest
growth rates in lowest density (3 kg m2=3% day-1)
however, biomass yield wk-1 was higher in more densely
packed tanks (e.g. 857 g wk-1 at 9 kg m2 vs. 680 g wk-1 at 3
kg m2). Growth rates at the sea-based farm unit were 12% per day, with 1.3% year avg day-1 producing 157 g wet
wt m-1 of net every 21 days with seeding density of 500 g
m-1 of net. Cost of Cc more than E, but Cc produces
more carageenan/plant.
Maximum velocity of phosphate uptake (2.86 mumol
PO4 g-1 dry wt h-1) was found in Uro. This species also
showed the highest affinity for this nutrient. At low flow
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rates (< 2 volumes d-1), Uro, Ei and Gg efficiently filtered
the phosphate, with a minimum efficiency of 60.7% in
Uro. Net phosphate uptake rate was significantly affected
by the water flow, being greatest at the highest flow rate
(2 volumes d-1). During a flow-through experiment
growth was P limited but due to the increase in biomass,
total P biomass increased in the cultures. A significant
correlation was found between growth rates and the net P
biomass gained in the cultures.
At low water flow (< 2 volumes d-1) the three species
stripped efficiently the ammonium dissolved in the waste
water from the fish tank, with a minimum biofiltering
efficiency estimate of 61% in unstarved cultures of Gg at
a water flow of 2 volumes d-1. Maximum velocity for
ammonium uptake (89.0 mumol NH4+ g-1 dry wt h-1) was
found in Uro, whereas Gg showed the highest affinity for
this nutrient. The net ammonium uptake rate was
significantly affected by the water flow, being greatest at
the highest flow (2 volumes d-1). Variations of tissue N
and C: N ratios during a flow-through experiment
suggested that N was not limiting macroalgal growth. A
significant correlation was found between growth rates
and the N biomass gained in the cultures.
Cited by Kim et al 2007 as reporting SGR of over 32%
day-1 for Pora.
Small, daily additions of ammonium sulfate and
ammonium diphosphate were the only additions needed
to stimulate growth. Fish-culture water was as effective as
chemical fertilizer in supporting growth. Thalli fertilized
for 7 days in tanks contained 2.5-5% nitrogen in tissues by
the end of the treatment period; upon transfer to lownutrient water, nitrogen content decreased to 1% as the
nitrogen was mobilized to support growth. Thalli grew
rapidly over the first 14 days after transfer from fertilizer
tanks to the ocean, achieving relative growth rates of 8-
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10% day-1 and producing 39-57 g dry wt. m-2 day-1. By 21
days after ocean transfer, growth ceased due to depletion
of stored nutrients. The optimal stocking density was 2 kg
m-3 based on growth rates. Nearly all net growth occurred
in the cages not fertilizer tanks, which serve only to
introduce nitrogen into the thalli. Yield 4x higher than
achieved previously with Gp and are comparable to highyielding, intensive tank cultures.
Indoor: Optimal growth temperature and irradiance for
winter plants in laboratory occurred at 10-200C and 100
µmol photon m-2s-1, averaging 24.3% per week and for
summer plants 10-200C and 20 µmol photon m-2s-1,
averaging 29% per week. High irradiance in winter
enhanced growth, inhibited growth in summer.
Photosynthetic rates and growth rates (as relative growth
rates) largely unaffected by variation in pH between 6.58.5 but decreased >8.5. Outdoor: Pcap more responsive
to feeding frequency of NH4 and PO4 not relative []s.
Average growth rates in winter were 28.3% and 12.5% per
week when NH4 and PO4 were included once and twice a
week for 24-h periods, respectively, while summer plants
grew 15.5% and 25.3% per week at given nutrient
regimes. Algae grown in seawater (13.8±1.8 µM CO2) or
CO2 enriched (33.7±13.2 µM CO2) had similar growth or
less in CO2 enriched water in winter. Chl a significantly
higher in winter than summer with nutrients 2x wk, as
were phycoerythrin levels with nutrients 2x wk in
summer. Valuable agarophyte.
Experiments conducted in moderate to high artificial light
(24-52 mol photons m-2 day-1) and low seawater exchange
(1 vol day-1) to minimize seawater pumping costs, a high
cost of real aquaculture systems. Nutrient application
every 5-7 days vs. daily applications resulted in no
significant growth difference. Nutrient additions in dark
cycles vs light cycles effectively controlled epiphytes. The
addition of ƒ medium trace metals (Gran. Can. J.
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Microbio 8 1962: 229) significantly increased growth rates
compared with cultures supplied with just nitrate and
phosphate. [] of Zn was increased to equal that of Mn
(1.37 µM day-1) with improved yields. NaNO3 superior for
long-term growth (9 wks), while NH4NO3 good in short
term (2-5 wks), likely due to NH+4-N toxicity. Growth
was not significantly different between additions of 11762942 µM day-1 NO-3-N (avg daily N load), but an
increasing trend in growth was observed with increasing
N loads up to 2942 µM day-1 NO-3-N. A sharp decline in
growth occurred with P additions above 83.3 µM day -1
(avg daily P load).
Adding carbon dioxide to cultured algae costly but
effective. Specific growth rates (SGRs) were positively
correlated with ambient []s of dissolved inorganic carbon
(DIC), and cultures supplied with both CO2 and NaHCO3
resulted in higher growth rates than those supplied with
either irorganic carbon sources alone. Growth rates at pH
of 8.9 not significantly different than growth at pH 8.3.
Seawater flushing regime with high flushing during light
cycle (7.5 vol day-1) and low flushing during dark cycle
(0.65 vol day-1) gave growth rates comparable to pH at 8.5
by sparging with CO2 at daily exchange of 7.5 vol day-1.
Under natural photon flux density (PFD) of 39-52
photons m-2 day-1 an aerial stocking density of 3-4 kg m-2
provided highest yields. SGR highly correlated with
specific light intensities (SLD) over a range of 0.00480.036 mol photons g-1 [fresh weight] day-1; no light
saturation at culture temperature of 16±10C. Growth
highest at salinity of 30±1‰, whether tap water or
brackish well water used for seawater dilution. Optimal
temperature for growth was 120C at low light intensities
(SLD=0.010 mol photons g-1day-1) and 14-180C at high
light intensities (SLD=0.021 mol photons g-1day-1).
Growth at higher temperatures positively correlated with
increasing light. Lowering culture temp at night 15 to
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G
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E

110C significantly increased growth for cultures that were
not supplied with supplemental inorganic carbon.
Results show that abalone grow well on all fresh seaweed
combinations, but grow best on a mixed diet. The likely
reason for the success of the mixed diet is that the red and
green seaweed was farm grown, with an increased protein
content. Dried kelp in any form produced poor growth.
Abalone fed on the mixed diet grew at 0.066 mm day(-1)
shell length and 0.074 g day(-1) body weight; this
corresponds to 24.09 mm shell length and 27.01 g body
weight increase per annum. Abalone grown on Abfeed
(R) grew at 0.049 mm day(-1) shell length and 0.046 g
day(-1) body weight which corresponds to 17.88 mm and
16.79 g increase per annum; this is better than the dried
seaweed feeds, but poorer than the fresh seaweed
combinations.
Three step farming approach: 1) seeding of spores onto
scallop shells + 2 mth nursery in greenhouse, 2)
outplanting juv. shells onto long lines in the sea, 3)
detachment of fronds from the shells, fixing of individuals
to vertical ropes until commercial size attained. Growth of
germlings was slow, overall to reach 20-30 cm
(harvestable size) 26-27 mths, with growth rates of 0.52.5% mthly. In the sea, suspended culture of germling
gametophytes had significantly greater growth than
bottom culture. Growth of whole thalli vs cut fragments
and marginal vs. basal zones of fronds was not
significantly different. In contrast to G and E that can be
propagated by thallus fragmentation, Gsk must be
cultivated in multi-step sequence that includes sporeseeding.
Maximum observed growth during the best cultivation
season in spring was about 14% of the initial fresh weight
per day (about 0.7 g FW). Growth of cultivated fronds
noticeably greater than growth of field individuals. Four
wks suitable cultivation period. Bag method > than
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B

Kim et al. 2007

inserting fronds into ropes due to avoidance of frond loss
and quality enhancement. Bag method required
appropriate stocking density as growth decreased with
increasing frond number per bag. Artificial nutrient
enhancement also enhanced frond quality in 2 locations
and growth in 1 site (where seawater nutrient [] naturally
lower). Nutrient enhanced fronds grew at similar rate to
that observed 1.5 mths earlier, when nutrient []s naturally
elevated.
Seaweed cultivation in India 75 years old and still in its
infancy, with limited land-based projects and a focus on
agarophytes. For Ga bottom culture methods using coral
stone as substratum best and yielded 4 tons (dry
weight)/ha/yr over 0.5 ha area. Pilot scale experiments of
Ge produced 20 tons (dry weight)/ha/yr in 3 harvests
using long line (coir) rope method and 20 tons (dry
weight)/ha/yr in 5 harvests using Single Rope Floating
Raft (SRFT) method. Hv cultivated via vegetative
fragments by long line and yielded 4 tons (dry
weight)/ha/yr in 14 harvests. Ka crop yielded of 25 tons
(dry weight)/ha/yr for net bag method, 40 tons (dry
weight)/ha/yr for raft method and 45 tons (dry
weight)/ha/yr for open culture method in eight harvests
along the Tamil Nadu coast and along northernwest coast
of India 22 tons (dry weight)/ha/yr in five harvests via
raft method.
Seaweeds grow better in abalone effluents than natural
seawater. Both nitrogen and phosphorous content of the
seaweeds cultured with abalone increased compared to
the same species grown in their natural habitat.
SGR increased with decreasing temperature in Poru, Porl,
Porli but increased with increasing temperature in Pora.
SGR for all species was greater at highest ammonium [].
Porli had highest SGR, increasing in biomass by ~16%
day-1. Phycoerythrin (PE) content was higher at 100C and
250 µmoles L-1 in all spp. except Pora. PE in Porli and
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G
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Poru significantly higher than in the other 2 spp. Poru had
highest tissue nitrogen content (6.76%) at 100C and 250
µmoles L-1 ammonium. Porli and Poru were
recommended for consideration in finfish/shellfish
bioremediation in New England.
Glem exhibited changes in SGR, chemical composition
([]s of chla, phycoerythrin and soluble protein), nitrate
reductase activity, antioxidantive defense syterm (activities
of superoxide dismutase, peroxidase, catalase) and
propyldialdehyde content with changes in N and P. SGR
increased when N/P []s increased from 50/3.13 µmol/L
to 400/25 µmol/L, but decreased significantly after
400/25 µmol/L. At 600/37.5 µmol/L chloroplast damage
occurred. Other measured variables showed broadly
similar trends to SGR over range of N/P []s.
Glich was examined for nutrient uptake efficiency in
shrimp and fish ponds. Glich was efficient at absorbing
inorganic nitrogen (IN), inorganic phosphate (IP) and
maintained a more stable dissolved oxygen (DO) level.
SGR of Glich averaged 4% over duration of the study.
Harvest of shrimp and fish was greater with Glich present
(506.5 kg and 210.5 kg respectively) than absent (53.5 kg
and 163 kg fish), as anoxic asphyxia occurred. Glich
reduced microalgal blooms.
Gch cultured best at 1 m depth. Growth rate 4% day -1
and maximum growth in spring with an average of 2.8 kg
m-1 month-1. Uses available nitrogen efficiently, with
nitrate uptake rate (µM NO3 g(DW)-1h-1)of 4.9 2.3. High
intensities of solar radiation (UV and PAR) can be critical
at low depths at noon during summer. G shows higher
nitrogen uptake than Macrocystis but low market value of
former does not yet lend itself to massive commercial
scaling. Epiphytism controlled by harvesting complete
bundle not making repeated cuts of algal bundles.
Outdoor tank cultivation tested for agar producing Cca.
Productivity seasonally variable with 40 g m-3wk-1 in
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Autumn and 200 g m-3wk-1 in spring. Continuous
production observed for this species cultivated in tanks
could reach a mean of 6.5 wet kg year-1 m-3 (128 g dw m-3
wk-1) at most favourable densities. Similar productivity
values reported for Gch (125 g dw m-3 wk-1)(Edding
1995), Cc (160 g dw m-3 wk-1) and U (92 g dw m-3 wk-1)
cultivated in the same tank system. Totally productivity
not statistically significant at different nutrient []s. Effects
of self-shading were among the most important limiting
factors in culture. Epiphytism problematic and controlled
by high [] of nutrients (e.g. >125N:8.3 P), however this
resulted in declined productivity of Cca.
Review of tank and pond seaweed cultivation of main
species in Israel over last 20 years, including economic
analysis for future developments. All reds sensitive to
epiphytes. Different G tested from all over world in order
to select for high annual yield under extreme summer and
winter temps, and for relative resistance to epiphytes.
Local Israeli G. conferta and Argentine G. gracilis (=G.
verrucosa, Strain A-18), which originate from a very cold
coast, strong temp. effect up to 250C, after which growth
was negative. Two Caribbean strains, G. cornea and its
mutant, exhibited highest growth rate, but did not survive
winter. Namibian G. gracilis (=G. verrucosa) showed best
winter growth rate. Growth rate of smaller plants higher.
Intensive strain selection has been performed in Por sea
farms, but not in pond-cultured Por. Maximal seasonal
calculated DW yields (kg m-2season-1) for P. Taiwanese
cultivar: 4.06, P. yezoensis (Japanaese cultivar): 2.56, P. tenera
(Japanaese cultivar): 3.60, P. linearis (Israeli cultivar): 0.96.
Under optimum conditions of irradiance and fertilization,
weekly growth rates of 28% in winter and 25% in
summer. Local Gelidium crinale exhibited maximal weekly
growth 50%, Gelidiopsis sp. (redefined as Solieria filiformis)
reached 90% maximal weekly growth. Hypnea cornuta and
H. musciformis maximal growth rate in summer 0.2 and
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0.12 doublings d-1 respectively.
Glem cultivated with scallop Chlamys farreri in
experimental IMTA system for 3 wks, with four
treatments of increasing seaweed densities (1:0.16, 1:0.33,
1:0.61, 1:0.80). Nitrogen [] was significantly higher in
control and treatment 1 vs. other treatments and
phosphorus [] at the end of the experiment was
significantly higher for control than all treatment groups.
The maximum reduction efficiency of ammonium
(treatment 4, week 1) and phosphorus (treatment 3, week
3) was 83.7% and 70.4% respectively and maximum
uptake rate of same nutrients was 6.3 and 3.3 µmol g-1
DW h-1. Scallop mortality was lower than in monoculture,
with significant differences between control and
treatments 2,3,4. A bivalve/seaweed biomass ratio from
1:0.33 to 1:0.80 (treatments 2,3,4) was best. SGR of Glem
was highest in treatment 2.
A relationship between thallus color and tissue nitrogen,
as a transition between green-yellows and yellow-browns
that occurs between 0.8 and 1.3 mg N per g tissue
(Pantone colors 460U-455U) was found with the green
yellow colors indicating nitrogen-starved material and the
yellow browns indicating nitrogen replete material. This
relationship is useful for seaweed farmers as quick guide
to determine nutritional status and as an indication of
protein content for use as feeds.
Acclimation strategies of 3 spp. of commercially
important red algae were tested to examine usability in
vertically structured integrated aquaculture. Comparisons
made between algae exposed to full range of irradiance
variability in field due to tidal motion vs. grown in
buoyant long line aquacultures at different depths (1,3 5, 7
m). All algae tested in aquaculture acclimated to the
irradiance at the respective cultivation depth, but used
different strategies to do so. Subtidal Sc was unable to
acclimate to large irradiance fluctuations in shallow water
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E

and should be grown at 3-5 m. Ml should be grown at
shallow depths, however efficiency in uppermost zones
can be low. Gch allows good primary productivity at all
depths, but not as overstorey species in a multilevel
culture.
Aa shows antibacterial/antifungal activity and is being
explored as natural preservative in cosmetics in France,
promise for higher market value than U. Two species
compared for biofiltration efficiency in same culture
conditions at the same time. Aa found to be better overall,
with similar total ammonia nitrogen (TAN) removal rates
as for U in Dec, but better removal by Aa in May.
Production rates highest ever reported for macroalgae
cultivated in tanks, with Aa higher in Dec. and May than
U.
Species showed similarity in pattern of seasonal
fluctuation in both nitrate and total nitrogen. Greatest
accumulation (Jan-Mar) coincided with period of highest
[] of inorganic nitrogen in the water and least growth.
Lowest tissue nitrogen (≤50% of winter value, May-July)
coincided with period of lowest [] of inorganic nitrogen in
the water and highest growth. Greatest accumulation in
Lams at 80 µmol g dry wt -1, 4x that measured
simultaneously in other species and 560X ambient []s. By
April internal nitrate []s dropped to almost undetectable
but by Aug. increasing, pattern exhibited by all 5 species.
Of 5 species tested, greatest [] of total tissue nitrogen was
measured in only red tested, Cc with 4.8% dry weight,
double the maximum in Lams with 2.3% dry weight. Codf
exhibited highest summer []s of tissue nitrogen.
Sporelings separated earlier had faster growth than
sporelings separated later (0.94 cm d-1 vs 0.52 cm d-1 and
0.44 cm d-1, respectively). Optimum temperature for
growth 5-100C. Sporelings transplanted (10-20 cm) into
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the sea exhibited growth rate of nearly 1 cm d -1until April.
The avg dw per thallus was 43.19 g, with dw to ww ratio
of 0.14:1.00, similar to size and shape of local U.
Mexican Mp was studied to determine optimal conditions
for growth and survivorship in China. Temp >23 0C
caused thalli to rot, however tolerance to high
temperatures varied among plants of different ages and
among parts of the same plant, with older plants less
tolerant of high temps and vegetative blades less tolerant
than sporophylls. High growth of sporelings in shallower
water is compromised at later stages by encrustation with
invertebrates and epiphytes. Higher current increased
survivorship and reduced effects of high water temps.
Floating raft, casting stone and submerged floating rope
methods were all tested with the latter resulting in high
survivorship, ease of operation and good growth (after 4
mths avg length of seaweed 13 m, compared with initial
avg of 2.2 m)
Juvenile sporophytes initially attained avg growth rates of
10.3%d-1, but these rates were not sustained due to blade
bleaching, increased growth media changes reduced
bleaching. Sporophytes did not grow at lowest light levels
tested (6 µ E m-2s-1) and growth at the highest tested light
leveles (124-147 µ E m-2s-1) was significantly lower than at
33-91 µ E m-2s-1. The observed late spring sporogenic
activity was hypothesized to be an adaptation to the
higher water temperature observed on Long Island, the
southern limit of Laminaria distribution. Large
fluctuations in growth rate of sea-based older sporophyte
plants were caused by periodic large losses of distal tissues
due to stong wave action in shallow waters near shore.
During late fall and early winter, young sporophyte plants
grew significantly faster at shallower vs deeper depths.
Intensive seaweed cultivation for Laminaria in Japan (cited
by Hwang et al 2009). Kombu cultivation in Japan for
human foodstuff in Jap J Phycol 32:379-394.
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Intensive seaweed cultivation for Laminaria in China (cited
by Hwang et al 2009). Laminaria mariculture in China:
Case studies of seven commercial seaweed resources in
FAO Fish Tech Paper 281 FAO, Rome.
Viability of growing Lams in salmon effluent from a fish
farm. Surplus nitrogen was not evident, because C:N ratio
(10-11) was constant in all expts. During light periods,
kelp removed 170-339 µmol l-1h-1 and ~26-40% of
incoming DIN (NH4+ + NO3-). The DIN uptake rate,
based on daylight sampling periods, ranged from 6.1-22.5
µmol g-1 dry mass h-1. The highest-flow rate, lowestdensity tank had the highest DIN uptake rate. Debris
from fish effluent settling on kelp thalli in low-flow tanks
affected uptake negatively. Mean DIN uptake rate based
on 3 days of growth for all flow-density combinations
ranged from 5.4-8.3 µmol g-1 dry mass h-1, with the kelp
utilizing NH4+ + NO3- equally. Growth was from 6.5%9% day-1. Like DIN, the highest-flow rate, lowest-density
tank had the highest growth rates. Lower DIN []s due to
higher DIN removal rates in other tanks + light limitation
due to self-shading at high algal densities put forth as
explanations for reduced growth in other tanks.
Intensive seaweed cultivation for Undaria in Japan and
Korea (cited by Hwang et al 2009). Undaria cultivation
„Wakame‟ in Seaweed cultivation and marine ranching. Jap
Int Coop Agency, Yokosuka, pp. 41-50.
In constant short days (SD), the growth rate remained at a
steady-state level of approximately 0.4 cm day-1 from the
end of June until mid-October, whereas growth rate in
ambient daylengths declined steadily after June to half the
rate in SD in October. Growth became light-limited
between October and February in both treatments and, in
the second year from July onwards, higher growth rates
were again observed in constant SID than in ambient
daylengths.
Variations in tissue carbon (C) and nitrogen (N) were
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examined over a complete seasonal cycle. Avg. C and N
ranged from 23.9 to 31.4% and 2.23 to 3.42% of the total
dry weight, respectively. Variations in C:N ratios showed a
clear seasonal pattern with an increase in the early spring
corresponding to strong photosynthesis and growth.
Under an irradiance of 80 µmol m-2 s-1 and favorable
temperature of 22-250C, mean daily growth rate may
reach as high as 37%. Juvenile sporeling growth
experiments showed that nitrate and phosphate
concentrations of 2.9 10-4 mol 1-1 and 1.7 10-5 mol 1-1
were sufficient to enable the sporelings to maintain a high
daily growth rate. Sporelings can reach a length of 1 cm in
1 mth.
Use of wind farms planned for Europe, and specifically
North sea, may provide potential suitable substrate for
macroalgal aquaculture. The maximum hydrodynamic
forces affecting farmed algae were modelled using
WaveLoad software. Drag measured in a towing tank
considerably higher on algae with more ruffled margin
and wider blade collected from sheltered environment
than on flat and narrow farmed Lams despite comparable
blade areas. Drag varied according to frond size, current
velocity and acceleration reaction. Dislodgement of
holdfasts and stipe-breaking forces depended on blade
length and surface area and neither measured nor
calculated values of drag exceed those forces, given algal
grown in >1 m s-1. Cultivated Lams could withstand
storms with current velocities of 1.52 m s-1 and wave
heights to 6.4 m.
Juvenile sporophytes were cultured under permanent
aeration and agitation, floating unattached in
contamination-free glass bottles up to 10 L, plexiglass
cylinders and 800 L greenhouse tanks. When holdfast
initials were formed at a size of 8 cm, the sporophytes
were spliced into Nylon rope fragments and transferred to
the sea. Twelve months after initiation of gametogenesis
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in the laboratory, Mp attained 14 m length and 80 kg fresh
weight m-1 line in the sea. For Lt 6 months after
gametogenesis initiation, 0.25 kg fresh weight m-1 was
attained in the sea.
Results show that abalone grow well on all fresh seaweed
combinations, but grow best on a mixed diet. The likely
reason for the success of the mixed diet is that the red and
green seaweed was farm grown, with an increased protein
content. Dried kelp in any form produced poor growth.
Abalone fed on the mixed diet grew at 0.066 mm day(-1)
shell length and 0.074 g day(-1) body weight; this
corresponds to 24.09 mm shell length and 27.01 g body
weight increase per annum. Abalone grown on Abfeed
(R) grew at 0.049 mm day(-1) shell length and 0.046 g
day(-1) body weight which corresponds to 17.88 mm and
16.79 g increase per annum; this is better than the dried
seaweed feeds, but poorer than the fresh seaweed
combinations.
Growing abalone industry, now largest after Asia. Landbased farming dominates and abalone fed wild harvested
Em. Sustainable harvesting of kelp reaching maximum
near abalone farms. Em is preferred by abalone farmers as
it is reported to have a lower food conversion ration
(FCR) compared to Lam. Em recover well from
harvesting pressure but epiphytic reds that grow on Em
do not. Initially harvest was beach cast, but switched to
fresh fronds as results in faster growth. Non-lethal
harvesting methods are being explored (e.g. cutting distal
parts and leaving basal meristems intact). There is a
commercially available all-seaweed feed in South Africa
(Midae meal MM-1c Eric-Piet Pty Ltd). Calculated on a
dry weight basis, the price obtained for fresh kelp as
abalone feed is more than double that for dry kelp that is
exported for alginate production.
Chile produces 10% of world supply and national harvests
have grown from 40,000 t yr-1 in the 80s to 250,000 t yr-1
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more recently. All harvest is from wild populations, with
no mass culturing of any of four harvested species.
Largest demand is now for alginate and abalone feed. To
reduce overharvesting of natural populations guidelines
are presented that include harvesting: 1) the entire plant,
2) large individuals, 3) in rotation, 4) selectively and 5) M
spp. 1-2 m from the surface.
Complex life history that makes obtaining a stable and
sufficient supply of young seedlings has plagued attempts
to scale up cultivation. However controlling
synchronization of receptacle development to enable
simultaneous discharge of male and female gametes
greatly enhanced fertilization success. Seedlings (5.5
hundred million embryos from 100kg of female
sporophytes) were raised to 3.5 mm in greenhouse tanks
in 1 mth and then grown in the open sea for >3 mths at 2
export sites. Parameters for successful culture included:
exposure to direct solar irradiance (1500 µmol photons m 2s-1 maximal irradiance at noon on a sunny day, but cloudy
days did occur), gentle aeration, 1.2 m water depth, then
0.4 m after embryo seeding, water renewal every 3 days
for the first 15 days.
Review of tank and pond seaweed cultivation of main
species in Israel over last 20 years, including economic
analysis for future developments. Dmem that acclimated
best to the tank cultivation system. Survived continuously
for 9 mths and achieved maximal weekly growth rate of
131%.
Mp cultured best at 3 m depth. Growth rate 6% day-1 and
maximum growth in spring with annual production of 25
kg m-1 during 9 mth production period. Uses available
nitrogen efficiently, with nitrate uptake rate (µM NO3
g(DW)-1h-1)of 11.8 4.5. High intensities of solar radiation
(UV and PAR) can be critical at low depths at noon
during summer. Increasing demand for Mp as abalone
feed. Epiphytism not a major issue.
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Decline in natural populations along coast has prompted
investigations into efficient method of producing
seedlings for cultivation and eventual rehabilitation of
natural areas. Major findings were that sexual
reproduction could be accelerated in elevated temperature
and light climates, at least 3 mths earlier than in the wild.
Eggs had a long window of fertilization potential, greater
than for conspecifics. Suspension and fixed culture were
viable alternatives in growing out seedlings to the longline cultivation stage. The life cycle was manipulated to
4.5 months, indicating it can be shortened.
Mass cultivation for summer feed potential. Grow out
was done in the wild utilizing a horizontal cultivation
system (after Sohn and Kain 1989). A wide range of
depths were tested for growout, with plants cultured at
1.5 m significantly better growth rates than growout at
other depths. Harvested holdfasts regenerated new blades
during the winter season that were then harvested the
following year. Higher productivity in the second year,
related to perennial nature of the algae, could contribute
significantly to reducing feed costs of abalone cultivation,
as it removes the need to produce new seed exorbinant
ropes every year.
The effects of algal density, light adaptation, interaction of
light and N on nutrient uptake, growth and biochemical
composition investigated. With increasing plant densities
(0.2 to 3.6 kg tested) specific growth rate (SGR) decreased
exponentially (0.36 to 0.02 doublings day-1, respectively).
Initially plants from low light had twice chlorophyll a
compared with plants from high light, but within 1 wk all
plants showed no difference. Growth of Ufa did not
saturate up to highest light levels used (255 ly day-1).
Nitrogen (NO3-) additions at low light did not affect
growth but at high light, increased nitrogen resulted in
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increased growth. Maximum growth rates of Ulva
occurred with residual NO3- []s of ~1µm.
Species showed similarity in pattern of seasonal
fluctuation in both nitrate and total nitrogen. Greatest
accumulation (Jan-Mar) coincided with period of highest
[] of inorganic nitrogen in the water and least growth.
Lowest tissue nitrogen (≤50% of winter value, May-July)
coincided with period of lowest [] of inorganic nitrogen in
the water and highest growth. Greatest accumulation in
Lams at 80 µmol g dry wt -1, 4x that measured
simultaneously in other species and 560X ambient []s. By
April internal nitrate []s dropped to almost undetectable
but by Aug. increasing, pattern exhibited by all 5 species.
Of 5 species tested, greatest [] of total tissue nitrogen was
measured in only red tested, Cc with 4.8% dry weight,
double the maximum in Lams with 2.3% dry weight. Codf
exhibited highest summer []s of tissue nitrogen.
Widespread commercial culture of the red seaweed
Gracilaria for agar (cited by Bolton et al 2009). Mariculture
of the agar-producing gracilarioid red algae. Reviews Fish
Sci 8:345-377.
The effects of light on growth, RuBPCase activity and
chemical composition of Uc and Ul examined across a
range of temperatures and N-supply levels. Growth of
Ulva became more light-dependent with increasing
temperature and N. Uc exhibited lowest RGR in lowest
temperatures and highest RGR when temperature and
DIN were relatively high. Light and N both significantly
affect RGR in Ul, with light accounting for 74% and N
for 20% of variation and low light resulting in
fragmentation. Tight coupling of seaweed growth and
chemical composition maybe be relatively rare in nature
where growth can be simultaneously limited by light,
temperature and N.
Nitrogen uptake rates of Uc and Cd grown under several
N addition regimes were determined by perturbation and
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continuous mode techniques and as N demand by the
product of growth rate and tissue N. N uptake rates of Uc
were inversely correlated with tissue N and only slightly
affected by temperature, while there was no correlation of
N uptake rate with tissue N in Cd. N uptake rates of Uc
higher than those of Cd, suggesting that Uc experience
more variable N supply than Cd. Species differences
explained by ephemeral nature of Uc and persistence of
Cd, as well a functional form.
The effects of N supply variability and annual
temperature and light variation on growth rates and
chemical compositions were assessed in plants supplied
with running seawater and either pulsed or continuous N
additions for 8 days. Temperature explained 44% of
variation in growth rate and temperature, light and N
supply together explained 53% of variation in growth rate.
Uf and Ei were grown under various nutrient regimes. Uf
tissue N:P<16 was indicative of N-limitation, N:P 16-24
was optimal for growth and N:P>24 was indicative of Plimitation. Max growth rates for Uf (32±3% d-1,
mean±SD) were significantly higher than for Ei (18±5%
d-1, mean±SD). Max growth rates for Uf and Ei lower
than for that obtained for ulvoids by others (Lapointe &
Tenore 1981, Ramus & Venable 1987, Duke et al 1989
with 36, 30, 52% wet wt day-1, respectively), likely a result
of lower water temps in present study. Comparing tissue
N and P of macroalgae grown in batch cultures is useful
for monitoring the nutritional status of macroalgae. Color
even easier (Robertson-Andersson 2009)!
Growth rates under experimental conditions in effluents
from marine fishponds were higher under than in pulseenriched fresh seawater. Maximal dry weight (DW) yield
was 55 g m-2d-1 and the maximal specific growth rate
(SGR) was 18 % day-1. C:N ratio in plant tissue dropped
from over 15 to approximately 7 (w:w) when grown at
low and high N-fluxes, respectively. Both SGR and yield
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decreased significantly, as did mostly also the C:N ratio
with increased stocking density (up to 6 kg m-2 under Nsufficient conditions). The data suggest the seaweed to be
N-limited at low N-fluxes and light limited at high N
fluxes, especially at high stocking densities. High yields
show that fishpond effluents supply Ul with all its
required nutrients including inorganic carbon. For high
yield and high nitrogen content, Ul should be kept at
densities of 1-2 kg m-2 and at ammonia fluxes of about 0.5
moles m-2 d-1. Nitrogen content can be increased further,
but at reduced yield, by increasing the stocking density to
4 or 6 kg m-2.
Growth and photosynthetic properties of Uro under 15
combinations of temperature and photon flux density
(PFD) showed that although Uro exhibits a great
amplitude for photoacclimation, it has little capacity for
temperature acclimation (compared to brown Lams).
Light-saturated growth rate in Uro was identical at 19 and
250C but much lower at 100C. The biomass production
from absorbed light, termed PGY (photon growth yield)
was 25% higher in indoor culture (0.033 mol C mol-1)
photons absorbed vs. outdoor culture (0.026 mol C mol-1)
photons absorbed. Both in the indoor „phycotron‟ and
outdoors, maximal PGY was considerably higher at lower
temperatures.
General cultivation methods. Cultivation of the green
alga, Monostroma and Entromorpha „Aonori‟ in Seaweed
cultivation and marine ranching. Jap Int Coop Agency,
Yokosuka, pp. 7-16.
The abalone grew on average 0.26% and 0.25% body
weight/d in the two culture tanks; reduced growth and
increased food conversion ratios (food eaten/biomass
gain; w/w) were associated with high summer water
temperatures (max. 26.9 degrees C). Ul showed reliable
growth and filtration performance (mean production of
230 g fresh weight/m (2)/d, removing on average 58% of
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nitrogen supplied). It is estimated that 1 kg of abalone
biomass would require food supplied by 0.3 m (2) of Ul
culture, reducing N inputs required by 20% and N in
effluent by 34% when compared to the two organisms
grown in monoculture.
The nutritional value to abalone of Ul with different tissue
nitrogen levels was studied by culturing Ul at two levels of
ammonia-N enrichment. Cultures receiving 0.5 g
ammonia-N m (-2) d(-1) ("low-N") yielded 164 g m(-2)
d(-1) of fresh thalli containing 12% crude protein in dry
matter and 12 kJ g(-1) energy; cultures receiving 10 g
ammonia-N m(-2) d(-1) ("high-N") produced 105 g of
fresh thalli m(-2) d(-1) containing 44% protein and 16 kJ
g(-1) energy. High-N and low-N algae and a "standard"
mixed diet of 75% Ul and 25% Gcon (w/w) containing
33% protein and 15 kJ g(-1) energy were fed to juvenile
(0.7-2.1 g) and adult (6.9-19.6 g) H. tuberculata and H. discus
hannai in a 16-week feeding trial. Voluntary feed intake of
the high-N and standard diets were significantly lower
than the low-N diet in all the cases, with difference
between adults and juveniles. Juveniles fed high-N and
standard diets grew significantly faster (specific growth
rate of H. tuberculata was 1.03% day(-1) on high-N algae as
compared to 0.72% on low-N algae; H. discus hannai grew
0.63 and 0.3% day(-1) on high- and low-N algae,
respectively) and showed much better food conversion
ratios. The nutritional value of Ul to abalone is greatly
improved by a high protein content, attainable by
culturing the seaweed with high supply rates of ammonia.
In vitro digestibility of Uar proteins determined to
evaluate nutritional value. The protein fraction is
composed mainly of aspartic and glutamic acids (24-35%
of protein fraction, according to season) and the essential
amino acids constitute 27-36% of the total fraction. The
February sample differed from two others in the presence
of glycosylated proteins, most of which have apparent
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molecular weights higher than 43 KDa. With the October
sample, the activity of human intestinal juice was more
effective than two other proteolytic systems. This is
especially evident with a 27 kDa protein, which was only
partially digested by the intestinal liquid and not digested
by chymotrypsin or trypsin. However, human intestinal
juice in the February apparently did not attack the 27 kDa
protein. Intro of this paper cites good literature on
nutritional value of seaweeds to humans.
Uf nitrate and ammonium enrichments resulted in a
significant increase of TN from 2.41% dry weight (dw) to
4.19% and 4.71% dw, respectively. In Gpac, TN increased
more under ammonium enrichment than under nitrate
enrichment. In both species, proteins and FAA were the
most important N storage pools. Protein-N ranged from
700 to 2300 µmol N g dw-1 (43%-66% of TN) and
contributed most to TN increase (41%-89%). FAA pool
always larger in Gpac. In both species, FAA pool
accounted for 4%-17% of TN (70-600 µmol N g dw-1). Uf
used nitrate as a temporary storage pool, while Gpac had
a smaller nitrate pool. PE pool in Gpac less important
than FAA as a storage pool.
Cited by Kim et al. 2007. Effects of inorganic nutrients
and heavy metals on growth and pigmentation of the
green alga, Ulva pertusa Kjellman. Korean J Enviorn Biol
17:427-438. SGR 12% day-1
Seaweeds grow better in abalone effluents than natural
seawater. Both nitrogen and phosphorous content of the
seaweeds cultured with abalone increased compared to
the same species grown in their natural habitat.
Growth rates of juvenile H.roei fed inorganically enriched
Ur were compared with growth achieved on various
artificial diets. Specific growth rate (SGR) indicated that
growth of abalone fed enriched Ur was not significantly
different (P > 0.05) to growth achieved from the best
performing artificial diets. Diet significantly effected
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survival at 20 ppt salinity, with the Ur-fed animals
exhibiting decreased tolerance to low salinities.
Enrichment of wild Ur increased the algal protein content
from 11.4 +/- 2% (dry weight) to 32.2 +/- 1.5%. Results
indicate that enriched Ur is a suitable feed for H. roci,
providing similar growth to that achieved from several
commercially available diets.
N storage of Gten and Uper under ammonium
enrichment and starvation were compared. After 10 days
of ammonium enrichment, ammonium NH4+, free amino
acid (FAA), protein (pro), chlorophyll (Chl),
phycoerythrin (PE) and total dissolved nitrogen (TDN) in
both species increased significantly. Total nitrogen (TN)
increased significantly from 3.65% to 5.78% dry weight of
Gten and 2.82% to 5.07% dw of Uper. Protein and FAA
most important N storage pools. Each N pool in Up
decreased more rapidly than in Gten, with Gten able to
sustain fast growth for longer than Uper. N demands for
growth were different; Uper grew more rapidly and had
higher N demands than Gten.
Maximum velocity of phosphate uptake (2.86 umol PO4 g1 dry wt h-1) was found in Uro. This species also showed
the highest affinity for this nutrient. At low flow rates (<
2 volumes d-1), Uro, Ei and Gg efficiently filtered the
phosphate, with a minimum efficiency of 60.7% in Uro.
Net phosphate uptake rate was significantly affected by
the water flow, being greatest at the highest flow rate (2
volumes d-1). During a flow-through experiment growth
was P limited but due to the increase in biomass, total P
biomass increased in the cultures. A significant correlation
was found between growth rates and the net P biomass
gained in the cultures.
At low water flow (< 2 volumes d-1) the three species
stripped efficiently the ammonium dissolved in the waste
water from the fish tank, with a minimum biofiltering
efficiency estimate of 61% in unstarved cultures of Gg at
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a water flow of 2 volumes d-1. Maximum velocity for
ammonium uptake (89.0 umol NH4+ g-1 dry wt h-1) was
found in Uro, whereas Gg showed the highest affinity for
this nutrient. The net ammonium uptake rate was
significantly affected by the water flow, being greatest at
the highest flow (2 volumes d-1). Variations of tissue N
and C: N ratios during a flow-through experiment
suggested that N was not limiting macroalgal growth. A
significant correlation was found between growth rates
and the N biomass gained in the cultures.
Most of the U grown in experimental and economic
aquaculture systems in South African abalone farms
appears to be Ul, a globally widespread species which
probably contains many genetic entities.
Increasing protein content 10-fold. Seaweeds grow better
in abalone effluents than natural seawater. Both nitrogen
and phosphorous content of the seaweeds cultured with
abalone increased compared to the same species grown in
their natural habitat. Ur has been cultured in S.Africa and
can replace Ul in tank culture in reduced light conditions.
Results show that abalone grow well on all fresh seaweed
combinations, but grow best on a mixed diet. The likely
reason for the success of the mixed diet is that the red and
green seaweed was farm grown, with an increased protein
content. Dried kelp in any form produced poor growth.
Abalone fed on the mixed diet grew at 0.066 mm day(-1)
shell length and 0.074 g day(-1) body weight; this
corresponds to 24.09 mm shell length and 27.01 g body
weight increase per annum. Abalone grown on Abfeed
(R) grew at 0.049 mm day(-1) shell length and 0.046 g
day(-1) body weight which corresponds to 17.88 mm and
16.79 g increase per annum; this is better than the dried
seaweed feeds, but poorer than the fresh seaweed
combinations.
Seaweed cultivation in India 75 years old and still in its
infancy, with limited land-based projects and a focus on
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25% recirculating (recirc) and non-recirculating tanks
(flow-through, FT) compared for growing Ul and H. midae
(fed 90 kg fresh Em/week). Seaweed nutrient [] and
specific growth rates comparable to that for fertilized
effluent (SGR=3.2 3.4%per day; Yield=0.2 0.19 kg m2).
No significant difference in algal production between
recirc and FT tanks. Average tissue protein 36.6% for
recirc and 33.4% fertilized seaweed tanks. U protein
content in range beneficial to H. midae (36-44%) and avg
tissue protein higher in cultivation than in wild U (3.724%). During summer, seaweeds experienced higher SGR
but lower tissue N. Recirc performed best in cooler
months and transferred warm water to abalone tanks in
winter. Low ammonium, nitrate and nitrite []s in seaweed
tanks under recirc indicates biofiltration happened, with
higher phosphate suggesting N-limitation. Important to
regulate seaweed density. Tank size influences SGR, with
bigger tanks showing reduced SGR. Sediments did not
accumulate in recirc.
Plantlets of Gay sp. 1 from in vitro cultures showed a
braoder tolerance to all salinity and irradiance levels testd,
with the highest growth rate (GR: mean 17% day-1) at
21.50C and 100 µmol photons m-2s-1. Plantlets of Gay sp.
1 collected in winter from the field showed higher GR,
ranging from 5% day-1 to 7.5% day-1 in salinities from 20
to 40 psu, and 2% day-1 to 4.3% day-1 for plantlets
collected during the summer. Gay sp. 2 from the field
showed highest GR at salinity of 15 psu. Differences are
consistent with distribution in the wild; Gay sp. 1
occupies outer areas and Gay sp. 2 from inner areas. Gay
sp. 1 has a higher potential for aquaculture due to larger

3-143

20.04.10

Kang et al. 2008

Codf

Korea

N, G

Land-based,
Indoor,
laboratory

B

Hernandez et al
2008

Uro

Spain

G, N

Outdoor, tidally
flushed earthen
ponds

B

Barr et al. 2008

Uper

New Zealand

G, N

Land-based,
outdoor,
unshaded,
northward
facing, 0.47m x
0.18m x 0.13m
polypropylene
tub

E

thalli, higher GR and wider environmental tolerance.
Codf considered for IMTA as good growth in late
summer and fall complement other species (e.g. Por, Lam,
Und) high growth in fall and spring. Codf exhausted
ammonium []s (150 and 300 µM) after 6h. Ammonium
removal efficiency was greatest (99.5±2.6%) at 150 µM
NH4+when Codf was incubated at 200C under 100 µmol
photons m-2s-1. At 300 µM, ammonium removal efficiency
was greatest (86.3±2.1%) at 250C under 100 µmol
photons m-2s-1. Ammonium removal efficiency was
significantly greater at 200C and 250C and 100 µmol
photons m-2s-1 than other temp/irrad scenarios.
Changes of biomass of Uro monitored to assess utility of
species for bioremediation at a fish farm. Ur was reported
to attain densities of 600 g dry mass m-2 and produced up
to 20.45 g C m-2 d-1. As a consequence of fish cultivation
phosphate and ammonium increased from preculture to
post culture ponds, with C:N:P preculture 773:57:1 and
567:64:1 in outflow channel. P limited growth of Uro in
the spring. Estimated maximal growth rate was 0.295 ±
0.041 d-1 and suggests integration could increase total
ecological and economic benefits for the farm and the
environment.
At maximum bulk flow rates tested wave surge increased
growth (wet mass) 1.6-fold and wave surge increased the
rate of ammonium uptake 1.5-fold over the full range of
bulk flow rates tested (0.2 to 2.9 mm s-1). In winter, when
light limiting, growth (wet mass) was relatively unaffected
by wave surge and completely unaffected by exptl nutrient
additions (N&P) but in summer, when ambient nutrients
likely limited growth, wave surge increased growth in wet
mass at low (0.21 mms-1) and high (4.06 mm s-1) bulk flow
rates, and nutrients increased growth rates at low but not
high bulk flow rates. The effect of wave surge on Up at
low bulk flow rates (ca. <2 mms-1) is to enhance the
seaweeds access to nutrients. However, at higher bulk
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Hwang et al 2008

Msuya & Neori
2008

de Paula Silva et al
2008

Cf, Up

Korea

N, BC

Analyses of
field-collected
plants

E

Ul

Israel

N, G

Outdoor tanks,
with surface
areas of 1 m2
and water depth
of 0.6 m and lab

B

Cladc, Ci, U

Australia

G, SU

Land-based,
outdoor
laboratory tanks

B

flow rates, wave surge has a different effect due to
provisioning of a micronutrient or removal of an
inhibitory substance from the [] boundary layer.
Nutritional profile of Cf, new species under consideration
for cultivation, was compared with Up. Cf had
significantly higher protein and total, essential and free
amino acids than Up, whereas lipid, carbohydrate and
total dietary fibres in Cf were significantly lower than Up.
Main minerals shared by both Cf and Up are: Na, Mg, K,
Ca and Al and comprise approx 97-99% of total minerals.
Na and V were higher in Cf, while Mn and Sr where
significantly lower in Cf. Retinal and ascorbic acids of Cf
were significantly higher than Up, but content of
cobalamin were lower. Cf better choice than Up for
human food and in FF.
Agitation treatments affected the performance of Ul only
under TAN (NH3+NH4+) load levels below 4 g N m-2
day-1; biofiltration of TAN was the parameter most
affected. Biomass yield at each of the 4 nutrient loading
regimes were not significantly different between agitation
treatments. Protein content increased significantly only at
the lowest nutrient loading levels. There were no
significant differences in DO, pH and temp among the
agitation treatments at all nutrient loading levels. Under
lab conditions, growth rates, protein content and
photosynthetic and biomass yield of the seaweed were
affected by water velocity under low nutrient []s. Once
nutrient []s are high enough (above ~4 uM of TAN +
other nutrients in their corresponding proportions),
aeration per se is not essential for effective growth and
biofiltration of seaweeds.
Green tide algal blooms exhibit fast growth rates and
efficient nutrient uptake. These attributes make them
good candidates for bioremediation in pond-based
aquaculture. All species exhibited broad tolerance to
salinity (5-45‰) with ech having a different optimum for
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Copertino et al
2009

Uc

Brazil

N, G

8 fiber, outdoor,
circular 250 L,
1m high tanks
under natural
light/temp

B

RobertsonAndersson et al
2009

Ul

South Africa

N

Tank-cultivated,
96L white PVC
tanks 0.6 m X
0.4 m X 0.4 m

E

Bolton et al. 2009

U

South Africa

Not applicable

Not applicable

IMTA with
Haliotis midae

growth: Cladc 30‰, Ci 20‰, U 15‰). Ci and U exhibit
highest growth at ~14% day-1 and ~25% day-1
respectively at higher TAN levels (>70 umol l-1) but at
different salinities. Cladc was optimum at lower TAN
(~35 umol l-1) and 36‰ but inhibited at highest TAN.
Tests in operational bioremediational settings revealed
that while high growth rates of Cladc were maintained
(~6% day-1), Ci performed poorly.
Growth, biofiltering efficiency and uptake of Uc studied
receiving waste water directly from shrimp aquaculture
ponds. Uc highly efficient in removing main inorganic
TAN and 50% PO4 within 15 hours compared to control
tanks. After 3 days the mean uptake rates by the seaweed
biomass under continuous flow were 3.09 mg DIN g DW
day-1 and 0.13 mg PO4 g DW day-1 significantly higher
than in the static regime. Decreased chl a indicated that
Uc inhibited phytoplankton growth. Correlations of DIN
removal and seaweed biomass increase suggested that
nutrient removal by Uc dominated over other processes
including phytoplankton and bacterial assimilation,
ammonia volatilization and nutrient ppt.
A relationship between thallus color and tissue nitrogen,
as a transition between green-yellow and green that occurs
between 1.5 and 1.7 mg N per g tissue (Pantone colors
585U-583U) was found with the green-yellow colors
indicating nitrogen-starved material and the green
indicating nitrogen replete material. This relationship is
useful for seaweed farmers as quick guide to determine
nutritional status and as an indication of protein content
for use as feeds.
SWOT (strengths, weaknesses, opportunities, threats)
analysis for commercial growth of U in integrated systems
for abalone feed to explore why cultivation so successful
in South Africa, but not in other countries. S= Grows
easily and unattached so particularly amenable for
aquaculture. Affinity for growth in high nitrogen [], which
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Mata et al. 2010

Ur

Portugal

G, N

Land-based,
outdoor tanks

B

REVIEWS
McHugh 1991

All

Worldwide

Review

-

P

in turn enhances protein levels to abalone. Water is
already pumped to abalone, so no cost to U tanks.
Increased temp to abalone tanks with recirculation.
W=easier for farmer to feed FF vs constructing large
seaweed tanks. U is taxonomically difficult and it is hard
to known and control what you grow re: species.
Myrionema infestation. Preferred species do not seem to
grow in shade. High DMSP levels which transfer to
abalone and are unpalatable. O= SAfrica abalone industry
expected to 2x in 5 years. Integrate U in FF and/or use as
replacement for fishmeal/fish. Try in rotation diet. Better
marketability (e.g. organic abalone). Reduce harvesting of
natural kelp beds. T= financial, storms, diseases
exacerbated in integrated systems, but most important
threat is farmer‟s perception.
U long considered good species for seaweed biofiltration,
especially of fish effluent, as it rapidly absorbs and
metabolizes nitrogen, grows fast, is highly resistant to
epiphytism, and is distributed worldwide. However, U has
a low market value. Ur and Aa compared for biofiltration
efficiency in same culture conditions at the same time. Aa
found to be better overall, with similar total ammonia
nitrogen (TAN) removal rates as for U in Dec, but better
removal by Aa in May. Production rates highest ever
reported for macroalgae cultivated in tanks, with Aa
higher in Dec. and May than U.
Review of seaweed resources for consumption and
production of agar, alginate and carrageenan harvested
commercially by country. Seaweeds for food derived
chiefly from China, Japan and Korea, with almost 94% via
cultivation. Six of fifteen countries contribute 80% of
alginophytes, all wild-harvested except cultivated
Laminaria from China. Two of twelve countries contribute
99% of carrageenophytes; this is Eucheuma cultivated in
Philippines and Indonesia. Laminaria=kombu, Undaria
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pinnatifida=wakame, Hizikia fusiformis=hiziki, Porphyra
spp.= nori.
Freidlander &
Levy 1995

G

Israel

Review

Buschmann et al.
1995

G

Chile

Review

Buschmann et al
2001

Carrageenophytes:
Sc, Ml, Gs, Cc;
Agarophytes: Gch,
Gli; Minor taxa:
Grex, Mm, Ap, Af,
Porc, Cv, Mp, Cca
All

Chile

Review

Worldwide

Review

Luning & Pang
2003

Intensive vs
non-intensive
ponds
Sea-based

-

Subtidal cultivation systems appear to be more productive
than intertidal systems and are less susceptible to wave
action than intertidal cultivation areas. Issues with
identification of cultivated species. Two farming methods
impt: Direct method and Plastic Tube method (both
inserted into sandy substrates), latter favored in subtidal
cultivation. Artificially planted areas show same seasonal
biomass patterns as natural beds, with high growth rates
in spring and lower growth in other seasons in intertidal
and subtidal. Subtidal growth influenced by light
availability and water temp, while intertidal growth
dictated by air temp and humidity indicating emersion
important. Biomass can reach 91-149 t ha-1yr-1 in subtidal
and never more than 72 t ha-1yr-1 in intertidal. Depth of
cultivation impt: 132 t ha-1yr-1 at 1.5 m, too shallow and
plants bleach (no higher than 2-2.5 m about MLW) and
too deep (no more than 4-5 m) and productivity
decreases. Density impt: subtidal plants 0.6 kg m-2,
intertidal plants 1.2-0.6 kg m-2. Other factors to consider
include harvesting frequency, harvesting tools, spatial
arrangement of the inoculum, strain selection.
Chilean production largely depended on wild harvest, with
commercial cultivation restricted to Gch.

-

Total annual commercial production of fish, crustaceans
and molluscs totals about 120x106 t, of which 1/3
produced by aquaculture, production of seaweeds is
10x106 t, with majority from culture-based systems. Top
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Subba Rao &
Mantri 2006

Neori 2008

Friedlander 2008

Ga, Ge, Hv, Ka

India

Review, G

All

Worldwide

Review, IMTA

Gelidiales: Gel,
Pterocladia

Review

Sea-based, net
bag method, raft
method, long
line/coir rope,
Single Rope
Floating Raft
(SRFT)

Sea-based and
land-based

ten species list for aquaculture production is headed by
Laminaria japonica with 4.2 x 106 t fresh weight cultivated
mainly in China (followed by Pacific oyster C. gigas with
2.9 x 106 t: FAO, 2001). Epiphytes problematic but best
controlled by 1) growing plants at high densities in rope
cultures at sea or 2) seaweed tank cultures on land.
Important role for seaweeds in bioremediation,
increasingly critical to reduce nutrient discharge from
intensive fish farms and for IMTA purposes.
Seaweed cultivation in India 75 years old and still in its
infancy, with limited land-based projects and a focus on
agarophytes. For Ga bottom culture methods using coral
stone as substratum best and yielded 4 tons (dry
weight)/ha/yr over 0.5 ha area. Pilot scale experiments of
Ge produced 20 tons (dry weight)/ha/yr in 3 harvests
using long line (coir) rope method and 20 tons (dry
weight)/ha/yr in 5 harvests using Single Rope Floating
Raft (SRFT) method. Hv cultivated via vegetative
fragments by long line and yielded 4 tons (dry
weight)/ha/yr in 14 harvests. Ka crop yielded of 25 tons
(dry weight)/ha/yr for net bag method, 40 tons (dry
weight)/ha/yr for raft method and 45 tons (dry
weight)/ha/yr for open culture method in eight harvests
along the Tamil Nadu coast and along northernwest coast
of India 22 tons (dry weight)/ha/yr in five harvests via
raft method.
Seaweeds, herbivores, omnivores and detrivores are
ecologically more efficient and less expensive to cultivate
(given lower production costs) than fish and fed-shrimp
with the ability to recycle their own waste. Moreover,
these low tropic level aquaculture organisms/crops
presently comprise nearly 90% of global aquaculture
tonnage, >90% of all aquaculture production in China
and >60% of production even in North America.
Cultivation difficult due to low growth rates and harvest is
predominantly from the wild. Two cultivation concepts
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have been recently attempted: 1) sea-based cultivation on
floating concrete cylinders and 2) pond-based free floating
technology. At present neither are commercially viable
and major efforts to genetically engineer or select fast
growing gelidiales strains is imperative for competition
with wild harvest.
Bunting & Shpigel
All
Worldwide
Review,
Bioeconomic modelling approach to overview financial
2009
Economic
viability of commercially run IMTA operations. Two case
potential of
studies (Atlantic coast of temperate France and warm
IMTA
water system near Eilat, Israel) subjected to analysis and
assisted in identifying potential problems that reduced
profits.
Rothmann et al.
Gracilarioids
South Africa
Review
Gracilarioid beach wash up have been collected, dried and
2009
sold for agar extraction for 50 years. Over the last few
decades unpredictability in amounts of wash-up has made
the industry unstable and increasingly unprofitable.
Surveys indicate standing stocks have decreased
dramatically, for example, the gracilarioid populations of
St. Helena Bay are now estimated at less than 4 tons.
Switch to open water cultivation is considered as next
option for sustainable harvest of gracilarioids in South
Africa.
Baweja et al. 2009
All
Worldwide
Review of
Good advances, with methods now able to cultivate
seaweed tissue
explants in enriched or artificial seawater culture media
culture
and regeneration and even callus formation permitting
clonal propagation of seed culture for mariculture.
However advances lag behind terrestrial plant tissue
culture, such as lack of absolute control of growth and
development in higher plant tissue culture. Table 1
presented with overall view of cell and tissue culture of
seaweeds by species.
1Red algae: Asparagopsis armata (Aa), Chondracanthus chamissoi (Cc), Chondrus canaliculatus (Cca), Chondrus crispus (Ccr), Devaleraea ramentacea (Dr), Eucheuma cottoni (Ec), Eucheuma serra
(Es), Eucheuma spinosum (Esp), Eucheuma striatum (Est), Furcellaria lumbricalis (Fl), Gelidiella acerosa (Ga), Gelidiella edulis (Ge), Gelidium pristoides (Gpris), Gelidium (Gel), Gigartina skottsbergii
(Gsk), Gracilaria chilensis (Gch), Gracilaria conferta (Gcon), Gracilaria domingensis (Gdom), Gracilaria ferox (Gfer), Gracilaria gracilis (Gg), Gracilaria lemaneiformis (Glem), Gracilaria lichenoides
(Glich), Gracilaria pacifica (Gpac), Gracilaria parvispora (Gp), Gracilaria sjoestedtii (Gsjo), Gracilaria tenuistipitata var. liui (Gten), Gracilaria tikvahiae (Gtik), Gracilaria verrucosa (Gv),
Graciliaria sp. (G), Hypnea musciformis (Hm), Hypnea valentiae (Hv), Kappaphycus alvarezii (Ka), Mazzaella laminarioides (Ml), Palmaria mollis (Palm), Plocamium mertensii (Pm), Porphya
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amplissima (Pora), Porphya leucosticta (Porl), Porphya linearis (Porli), Porphrya umbilicalis (Poru), Porphya yezoensis (Pory), Porphyra (Por), Pterocladiella capillacea (Pcap), Sarcothalia crispata (Sc);
Brown algae: Ascophyllum nodosum (An), Dictyopteris membranacea (Dmem), Ecklonia maxima (Em), Ecklonia radiata (Er), Ecklonia stolonifera (Es), Fucus vesiculosus (Fv), Hizikia fusiformis
(Hf), Laminaria digitata (Lamd), Laminaria saccharina (Lams), Laminaria (Lam), Lessonia nigrescens (Ln), Lessonia trabeculata (Lt), Macrocystis integrifolia (Mi), Macrocystis pyrifera (Mp),
Sargassum horneri (Sh), Undaria pinnitifida (Unp), Undaria (Un), , Green algae: Capsosiphon fulvescens (Cf), Chaetomorpha indica (Ci), Cladophora coelothrix (Cladc), Codium decorticatum (Cd),
Codium fragile (Codf), Enteromorpha compressa (Ec), Enteromorpha intestinalis (Ei), Gayralia spp. (Gay), Ulva armoricana (Uar), Ulva clathrata (Uc), Ulva curvata (Ucu), Ulva fascialis (Ufa), Ulva
fenestrata (Uf), Ulva lactuca (Ul), Ulva pertusa (Uper), Ulva prolifera (Up), Ulva rigida (Ur), Ulva rotundata (Uro), Ulva spp. (U),
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Table 3-8. List of endemic and non-endemic algal species consumed by greenlip, H. laevigata and blacklip, H. rubra abalone
considering biochemical composition for abalone feeding and „culturability‟ at commercial scales. Names are taken from original
literature and have not been updated (NT = not tested,. E = Endemic, NE = Non-endemic). Acronyms for algal species (where
noted) correspond to those used in Section II and Table 3-7 for cross-reference. Blue highlights denote Australian algal species
that were good or very good food sources for greenlip and/or blacklip abalone and responded well (good, very good) to
cultivation. Grey denotes genera and/or species that were identified as good cultivars in Section III.

Algal species
RED ALGAE
Anotrichium
licmophorum (Al)
Areschougia sp.
Asparagopsis
armata (Aa)
Asparagopsis
taxiformis (At)
Champia parvula
(Cp)
Cladurus elata
Dictymenia tridens
(misspelling,
should be
Dictyomenia?)
Doxodasya
gulbrochaeta (Dg)
Gelidium australe
Gigartina
corniculata
Gigartina radula
(Gr)
Gracilaria
confervoides (Gc)
Gracilaria furcellata
Gracilaria sp. (G)
Grateloupa filicina
(Gf)
Heterosiphonia
curdieana (Hc)
Hypnea sp. (H)

Jeannerettia
pedicellata (Jp)
Jeannerettia lobata
(Jl)

H.
laevigata

H.
rubra

Endemicity1

Composition

Culturability

Reference

NT

*

E

U

Av from
WR
*, Av from
WI

P from
WR
*, Av
from WI

E

G

E

P

*

*

E

U

VG from
CB

VG
from
CB
G from
GI
VP from
GI

E

P

Clarke et al.
unpub

E

Av

E

G

Clarke et al.
unpub
Clarke et al.
unpub

E

P

E

G

E

G

E

G

E

VG from BI &
CB

G from
SG
*

VG
from GI
Av from
WR
P from
BR
*, Av
from
BC
VG
from BI
& CB
Av from
SG
NT

E

G

E

U

NT

*

E

VG from
GI
G from BI,
VG from
CB

E

P

E

P

*

VG
from GI
G, from
BI, VG
from
CB
*

NT, NT,
NT, VG
from SG

*, *, *,
G from
SG

E

G from GI
VP from
GI
VG from
GI
P from
WR
P from BR
NT, G
from BC
VG from
BI & CB

E

Foale & Day
1992
Clarke et al.
unpub
Shepherd
1973, Clarke et
al. unpub, Paul
et al. 2006
Shepherd 1973

Clarke et al.
unpub
Clarke et al.
unpub
Clarke et al.
unpub
McShane et al
1994, Clarke et
al. unpub
Clarke et al.
unpub
Clarke et al.
unpub
Graham et al.
2006
Foale & Day
1992
Clarke et al.
unpub
Clarke et al.
unpub
Shepherd 1973

Av

Foale & Day
1992,
McShane et al
1994, Fleming
1995a, Clarke
et al. unpub

3-152

20.04.10
Laurencia arbuscula

P from GI

Laurencia botryoides
(Lb)
Laurencia filiformis
(Lf)
Laurencia
paniculata
Laurencia sp. (L)
Lomentaria sp.

E

NT

P from
GI
*

G

E

Clarke et al.
unpub
Fleming 1995a

*

*

E

Shepherd 1973

Av from
CB
* for ~8
mm size
VG from
WR

Av from
CB
NT

E

G

E

G

E

G

E

G

Clarke et al.
unpub

E

Av

Clarke et al.
unpub
Guest et al.
2008
Clarke et al.
unpub
Clarke et al.
unpub
Shepherd 1973

Clarke et al.
unpub
Strain et al.
2007
Clarke et al.
unpub

Mychodea hamata
(Mh)

VG from
SG

Phacelocarpus
apodus (Pha)
Phacelocarpus
peperocarpus (Php)
Phacelocarpus
sessilis
Phacelocarpus sp.

VG from
TI

VG
from
WR
VG
from
SG
VG
from TI

Av from
GI
VP from
WR
*

Av from
GI
VP from
WR
*

E

G

E

G

VG from
GI, VG
from TI

VG
from
GI, VG
from TI
P from
WI

E

G

Clarke et al.
unpub

E

G

NT

*

E

Av from
GI, VG
from TI
*

Av from
GI, VG
from TI
*

E

Clarke et al.
unpub
Guest et al.
2008
McShane et al
1994
Clarke et al.
unpub

E

Shepherd 1973

*

*

E

Shepherd 1973

-, VG from
WI

*, VG
from WI

E

VG

VG
from GI
VG
from GI
*

E

P

E

Av

E

Shepherd
1973, Clarke et
al. unpub
Clarke et al.
unpub
Clarke et al.
unpub
Shepherd 1973

*

E

Shepherd 1973

*

E

Shepherd 1973

*
*

E
E

Shepherd 1973
Shepherd 1973

*

E

Shepherd 1973

Phacelocarpus spp2
(Ph)
Plocamium
angustum (Pla)
Plocamium costatum
Plocamium
dilatatum (Pld)
Plocamium mertensii
(Pm)
Plocamium
preissianum (Pp)
Plocamium spp1
(Pl)
Polysiphonia nigrita
(Pn)
Pterocladia
capillacea (Pc)

P from WI

Sarcomenia dellosiriodes VG from
(Sd)
GI
Stenocladia australis
VG from
(Sa)
GI
Wollastoniella
*
myriophylloides (Wm)
“Filamentous”
*
species3 (F)
Other red algae4
*
(OR)
Lithothamnia (L)
*
Corallina spp
*
(Cor)
Corallinaceous
*

E

G
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spp.5 (Cora)
Sporolithon durum
(Spd)
Haliptilon roseum
(Hr)
Amphiroa anceps
(Ama)
Cheilosporum
elegans (Ce)
Jania sp. (J)
Digested red
algae or
unidentified
species (DR)
BROWN
ALGAE
Acrocarpia
paniculata
Cystophora
subfarcinata (Cs)
Cystophora
monilifera (Cm)
Dictyota dimensis

NT
* Juv 10-25
mm
* Juv 10-25
mm
* Juv 10-25
mm
*
Juv
10-25 mm
*

Poor for
PL
NT

E

NT

E

NT

E

NT

E

*

E

Daume et al.
2000
Shepherd &
Cannon 1988
Shepherd &
Cannon 1988
Shepherd &
Cannon 1988
Shepherd &
Cannon 1988
Shepherd 1973

E

E
Av from
BL
*

G from
BL
*

E
E

Clarke et al.
unpub
Shepherd 1973

*

-

E

Shepherd 1973

Av from
GR
VG from
GI
*
* J 40-60
mm

G from
GR
VG
from GI
*
* J 4060 mm

E

P

E

P

-, NT, NT,
NT, G
from BL

*, *, *, *,
G from
BL

E

Av

Ecklonia stolonifera

-

-

NE

G

Giraudya
sphacelarioides (Gs)
Halopteris
paniculata

*

*

E

VP from
BL, VP
from WR

E

-

VP from
BL, VP
from
WR
*

E

Shepherd 1973

*

-

E

Shepherd 1973

*, G from
WR

*, VG
from
WR
*, -, *, G
from
CA

E

Av

E

P

Dictyopteris muelleri
(Dm)
Dictyota sp. (Dic)
Dilophus sp. (Dil)
Durvillea potatorum
(Dp)
Ecklonia radiata
(Er)

Halopteris spp.
(H)
Lobophora variegata
(Lv)
Lobospira
bicuspidata (Lob)
Macrocystis
angustifolia (Ma)

NT, NT,
NT, Av
from CA

E
E
E

Av

Gross energy,
protein

G

Clarke et al.
unpub
Clarke et al.
unpub
Shepherd 1973
Shepherd 1973
Vandepeer &
Barneveld 2003,
Guest et al.
2008
Shepherd 1973,
Foale & Day
1992, McShane
et al 1994,
Fleming 1995a,
Clarke et al.
unpub, Guest et
al. 2008
Hwang et al
2009
Shepherd 1973
Clarke et al.
unpub

Shepherd
1973, Clarke et
al. unpub
Foale & Day
1992,
McShane et al
1994, Fleming
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Pachydictyon
paniculatum (Pp)
Phloeocaulon
spectabile (Ps)
Phyllospora comosa
(Phc)

Polycera nigrescens
(Pn) (misspelling?
Polycerea)
Sargassum axillaris
Scytothalia
dorycarpa
Seirococcus axillaris
Zonaria angustata
Zonaria spp. (Z)
Chordariales6 (C)
GREEN
ALGAE
Caulerpa brownii
(Cb)
Caulerpa cactoides
(Cc)
Caulerpa obscura
(Co)
Chaetomorpha
linum
Ulva lactuca (Ul)

Ulva australis (Ua)

*

*

E

1995a, Clarke
et al. unpub
Shepherd 1973

*

-

E

Shepherd 1973

NT, NT,
NT

*, *, *

E

VG from
SG

E

P

E

Av

P from BL,
VG from
TI
P from
WR
P from
WR
*

VG
from
SG
G from
BL
G from
BL, VG
from TI
P from
WR
P from
WR
*
*

Foale & Day
1992,
McShane et al
1994, Fleming
1995a, Guest
et al. 2008
Clarke et al.
unpub

E

G, Av

E

Av

E

Av

NT

*

E

VG from
FS
*

VG
from FS
*

E

VP from
CB
*, NT

VP from
CB
*, *

E

NT, G
from BI

*, G
from BI

E

NT

*

E

P from BL

E
E
E

E
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& Ryan 2004,
Strain et al.
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Amphibolis
antarctica (Aa)
Amphibolis spp.
(A)
Heterozostera
tasmanica (Ht)
Posidonia australis
(Pa)
Posidonia sinuosa
(Pos)
Other (incl.
detritus)

* Juv 10+
mm
*

NT

E
E

*

E

*, * Juv
10+ mm

*, NT

E

*, * Juv
10+ mm

*, NT

E

*

*

E

Shepherd &
Cannon 1988
Shepherd 1973
Shepherd
1973,
Shepherd &
Cannon 1988
Shepherd
1973,
Shepherd &
Cannon 1988
Shepherd 1973

1Including

P. mertensii (most common); other species recorded are: P. angustum, P. cartilagineum, P. preissianum and P. leptophyllum.
apodus and P. labillardieri both occur.
3Including Rhabonia charoides, Dasya naccarioides group, Spyridia filamentosa, Heterosiphonia callithamnion
4Including Gelidium australe, G. glandulaefolium, Ballia mariana, Cheilosporum elegans, Metagoniolithon stelligera, Mychalea humata, Pterocladia lucida and
Rhodophyllis multipartita.
5Including Corallina cuvieri, Metagoniolithon stelligera, Jania sp. All epiphytic on Amphibolis Antarctica
6Two similar species occur Bactrophora filum and Polycerea nigrescens
Clarke et al. unpub. (unpublished SARDI report, pers. comm, Steven Clarke, SARDI)
2Phacelocarpus
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4 Potential onshore and offshore culture techniques for algae
appropriate for offshore abalone culture needs
4.1 Background
Although ranching of wild stocks or simple forms of seaweed cultivation have existied for over 100
years, more intensive cultivation akin to terrestrial crop production has only been practised since about
the 1950s. Elucidation of the life history of Porphyra umbilicalis (Drew 1949), this first large scale algal
cultivar, is widely recognized as the pivotal point that ushered in the era of seaweed cultivation
(McLachlan 1991). The ability to control reproduction and an understanding of physiological
requirements is a necessary precursor to mariculture of marine algae and remains as a barrier for
cultivation of many seaweeds, at least at a commercially viable scale. „Culturability‟ of seaweeds is
therefore still in its infancy compared to terrestrial crops and is variable in it‟s commercial viability
depending on the stage of research and development for the taxa in question, even across species within
genera. One genus that has been well researched and now provides for large scale cultivation globally is
Gracilaria, where cultivation methods are underpinned by an in depth knowledge of biology (e.g.
Marquardt et al. 2010) and investment in research and development for growth under cultivation
conditions (reviewed in Oliveira et al. 2000). This has yielded broad literature on commercial cultivation
(Buschman et al. 1995, Oliveira et al. 2000, Buschmann et al. 2008a), with manuals for cultivation of this
group available in many countries (e.g. India, Philippines, China and West Indies, references in Oliveira et
al. 2000 and see FAO 1990). In contrast, cultivation of Gelidiales has not progressed beyond wild harvest
of natural populations, even though incentive is there as a very valuable agarophyte (agar yielding
seaweed) (e.g. Melo et al. 1991, Melo 1998, Friedlander 2008b). One reason for this is the apparently
unsuitable physiology for cultivation including slow growth rates and a poor understanding of
physiological requirements including suitable cultivation infrastructure.
Of commercial necessity, a key goal of seaweed cultivation is to maximize vegetative growth rates in
order to produce biomass as quickly and efficiently as possible (or to convert as many photons of light
into a crop of commercial value, Craigie 1990). In theory, seaweed cultivation is much more productive
than terrestrial crops per area and therefore holds great promise for aquaculture. Production levels of up
to 110g dry weight per m2 /day have been reported, however more frequently reported yields of between
20-40g d.w. m-2day-1 are still very high (reviewed in Winberg, 2008). The highest growth rates have been
reported in tank based cultivation where key abiotic factors, such as light, temperature, nutrients, water
flow, cultivation surfaces and structures (e.g. tanks and substrata) as well as biotic factors, like plant
density, epiphytes and reproduction (e.g. mass culture of early life stages) can be controlled. Land based
cultivation can take many forms from high technological tanks and bioreactor systems to extensive pond
cultivation. In offshore settings cultivation is exposed to varying environmental factors and careful site
selection is important for optimizing physical and chemical parameters (see Table 4-1 below for a
summary of critical variables for successful seaweed cultivation, after McLachlan 1991, Friedlander &
Levy 1995, Buschmann et al. 1995, Oliveira et al. 2000 and others). Sea-based cultivation can be less
costly than for land based systems if labour can be minimised, and is also more suited to particular groups
of seaweed taxa.
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4-1. Overview of major variables and potential for physiological control for onshore versus offshore cultivation

Variables
Abiotic
Physical
Light/Irradiance
Temperature
Water Flow
Air exposure
Chemical
Ammonium
Nitrogen
Phosphorus
Salinity
pH/CO2
Structural
Tanks/Suspension/
Substrata
Biotic
Plant density
Epiphytes
Reproduction
Vegetative growth
Grazer damage
Bacterial disintegration
Integrated mariculture
Strain selection

Onshore cultivation

Offshore cultivation

Yes
Yes
Yes
Yes

No
No
No
only intertidal

Yes
Yes
Yes
Yes
Yes

No
No
No
No
No

Yes

Yes

Yes
Yes, can be difficult
Yes, can be difficult
Yes, can be difficult
Yes
Yes
Yes
Yes

Difficult
Difficult
Difficult
Yes
Difficult
Difficult
No
No

The aim of this section is to review methodologies and techniques, including successful
manipulation of abiotic (physical, chemical, structural) and biotic variables, which have resulted in high
vegetative growth in both offshore and onshore algal cultivation systems. Two onshore methods (tank
cultivation and pond cultivation) are considered, followed by a summary of two offshore methods,
(suspended systems and bottom planting). Each of these four techniques is then reviewed for insight
about optimal: 1) Chemical variables (e.g. nutrients, carbon/CO2, salinity), 2) Physical variables (e.g. flow,
aeration, desiccation), 3) Structural variables (e.g. tank/pond size, rafts, nets, lines, overall design) and
Biological variables (e.g. reproduction, plant density, epiphytes), with recommendations included as
available.
The format follows two cultivation reviews for red algae (with an emphasis on gracilarioids) by
Oliveira et al. (2000) and Freidlander (2008a). Gracilarioids, Ulva sp. and brown kelp are the focus, as
these groups both offer good potential for use as abalone feed in Australia, can provide for a mixed
multi-species diet and have the largest literature base from which to establish local cultivation systems.
Several case studies of large tank cultivation for Ulva (Robertson-Andersson 2007, Bolton et al. 2009) and
sea-based grow-out for a range of brown algal genera are reviewed (Hizikia: Pang et al. 2008, Macrocystis:
Buschmann et al. 2008a, Sargassum: Pang et al. 2009, Ecklonia: Hwang et al. 2009). Key cultivation
methodologies are summarized and compared with abalone culture systems to arrive at best use strategy
for offshore abalone cultivation in Australia.

4.2 Onshore cultivation techniques
Onshore cultivation includes above ground tank and in-ground pond culture. Tanks and ponds
have traditionally been at polar ends of the high and low cost, energy and technological spectrum
respectively. Tank cultivation requires large inputs of capital for infrastructure, while ponds require
intermediate investment but offer reduced control of environmental variables. Seaweeds that are easily
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suspended in culture, such as Ulva and Gracilaria sp., are more suited to tank and pond systems while
brown kelps that are large and dense are better suited to offshore suspended systems and will be
addressed in the next section.
4.2.1 Tanks
Intensive land-based tank systems permit control over most variables, including nutrients (especially
nitrogen and phosphorus, but also other macro and micronutrients and carbon, usually as CO2),
temperature and light, as well as epiphytes and predator control. It is this capacity for control of a wide
diversity of factors that results in much higher construction and running costs, however yields achieved in
tank cultivation are the highest reported for any method for Gracilaria (Table 4-2) and other species.
Although much research and development has been conducted and published for tank cultivation of a
number of algae (see Table 3-7), much less work has been carried out at commercially relevant scales. In
the western world, the Canadian company Acadian Seaplants Ltd. is a leader in the development of tank
based seaweed cultivation at a commercial scale and exports a high value food product to Japan, so tank
systems are feasible if the product value is evident.
Table 4-2. Productivity of Gracilaria sp. cultivated under different methods (after Oliveira et al. 2000).

Species
Tank cultivation

Pond cultivation

Sea-bottom
planted

Sea: suspended
cultivation

1

Productivity
(t ha-1 y-1d wt)

Gracilaria
G. tikvahiae

25
80-91 (120)

G. chilensis

73

G. confervoides
G. verrucosa
G. tenuistipitata

Reference

Region and
comments

Edding et al. 19871
Hanisak & Ryther
1984
Buschmann et al. 1996

Chile
Florida USA

10
40
20-25

Shang 1976
Chiang 1981
Haglund & Pederson
1993

G. verrucosa
G. tenuistipitata,
G. heteroclada

24
1.3-3.0

Rotmann 1987
Ohno et al. 1997

Taiwan
Taiwan
Sweden; 5 mth growing
season, integrated with
trout
Namibia
Vietnam

G. sjoestedtii

3

Li et al. 1984

Gracilaria

21

Gracilaria

24.6-30.8

Pizzaro & Barrales
1986
Martinez et al. 1990

G. verrucosa, G.
sjoestedtii
G. gracilis
G. gracilis

5.5

Li et al. 1984

China

45
40

Dawes 1995
Anderson et al. 1996a

G. chilensis

34

Troell et al. 1997

Namibia
South Africa, estimated
from small-scale
Chile, integrated with
salmon cages

Chile, estimate,
integrated with salmonids
in tanks

China, estimated from
small-scale
Chile
Chile

Calculated in Oliveira et al. (2000).
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4.2.1.1 Chemical variables (nutrients, CO2/carbon, salinity)
Nutrient delivery via water exchange
High water exchange rates (e.g. of 20-30 volumes per day (Santelices & Doty 1989)) are a key
method to deliver high nutrient levels to plants and the removal of metabolites, but pumping water is
regarded as the single highest expense in tank cultivation systems after tank construction costs (Huguenin
1976). Friedlander (2008a) reported that although water exchange was the second most energy-consuming
requirement (after water motion), it provided for the supply of inorganic carbon, removal of waste
material, and also assisted in achieving temperature control. In contrast, colder climates can benefit from
recirculation of the same water bodies for a longer period in tank co-cultivation of Ulva lactuca and Haliotis
midae in South Africa (Robertson-Andersson 2007). In these systems inorganic carbon and nutrients are
reintroduced to the system through animal culture and feeding. High rates of water exchange in tanks will
always provide a positive effect on the growth rate of seaweeds when temperature is not a limiting factor
and without nutrient or CO2 enrichment (Friedlander & Ben-Amotz 1991).
Nutrient delivery via fertilization
Another method of attaining good supply of nutrients is through the addition of fertilizers
(DeBusk & Ryther 1984). Nitrogen and phosphorous can become growth limiting under optimal high
algal densities (Friedlander 2008a), but can provide for epiphytic problems when supplied in excess.
Nutrient delivery management strategies can overcome these problems, for example pulse-feeding offers
temporary advantage to cultivated Gracilaria over competing epiphytes as compared to continous feeding,
with night pulsing as effective as day pulsing and pulse feeding also offering advantage of reduced feed
losses caused by high water exchange (e.g. Ryther et al. 1981, Bidwell et al. 1985).
Ammonium accounted for most growth variation (52.1%) as compared to irradiance (6.4%) in a
summer experiment and reached saturation at 0.5 mM.
Optimal N:P ratios need to be determined for each species, for example, under a range of
ammonium concentrations (0.5-8.0mM) and N:P ratios (2.5-20), G. conferta responded optimally at N:P
ratios of 10:1 (Friedlander & Ben-Amotz 1991). Similalry the addition of commercial mixtures of
micronutrients resulted in increased growth under optimal conditions G. conferta, however high
concentrations of micronutrients in warm water conditions (from power plant effluents) repeatedly killed
cultures of this species, indicating balance is required (Friedlander 2008a).
Salinity
Optimal salinity ranges can be highly variable across and even within species. For example, Ulva
sp. are well adapted to salinity fluctuations in rock pool and estuarine environments, while other species
will be more sensitive. Although a wide range of salinities may be tolerated, there is often an optimal level
for growth rates, for example at 25 ppt for some Ulva species (Mantri et al. 2010). Candidate algal
cultivars should be tested prior to large-scale aquaculture cultivation.
Algal Motion
In tank cultivation, water can be retained for longer as long as water or algal movement is
maintained via paddle wheels (Mathieson 1982 in Oliveira et al. 2000) or by release of compressed air
from a perforated pipe along the tank bottom (Hanisak & Ryther 1984). This provides for boundary layer
gas exchange, nutrient delivery and rotational exposure to light. Tank designs need to allow thalli to
circulate without aggregating in „dead-water‟ spaces. Interupted water movement cycles can be adequate
for optimal growth while reducing costs. For example Friedlander (2008a) found that interrupted aeration

4-172

20.04.10
(by 15 min cycles) during the day (not required at night) was sufficient for maximal growth of Gracilaria
conferta in autumn, winter and spring, but not summer in Israel (Friedlander & Ben-Amotz 1991). This is
considered to be the most energy-efficient method of seaweed motion (Friedlander & Levy 1995).
CO2
Compressed air is advantageous as it releases some CO2, but it is not sufficient in itself to meet
the CO2 demand if biomass per volume is high and water exchange is low. Under strong light and
sufficient nutrients, carbon is usually a limiting factor in seaweed production and increasing pH indicates
carbon shortage. In seawater of normal salinity and a pH of 9.0, free CO2 is no longer available (DeBusk
& Ryther 1984). Friedlander (2008a pg. 19-20) provides a good summary of research exploring the
complex interaction between inorganic carbon, algal growth and pH. This work indicates that as for other
water quality factors, different species each possess a slightly different mechanism of uptake/regulation
and optima.
Desiccation
In contrast to Porphyra, which achieves maximal growth with 1-3 hr daily air exposure, Gracilaria
and Ulva were found to be very sensitive to desiccation and can only tolerate short durations of exposure
(Friedlander 2008a). Dessication periods can be used to control for pests and epiphytes, but specific
species tolerance needs to be considered.
Light
In general, green seaweeds are more tolerant of high light conditions while red seaweeds grow
optimally in filtered light. This however is not the case for all seaweeds, and Porphyra sp. is one red genus
that tolerates extreme light exposure and dessication. Specific growth rates of seaweeds will respond to
light with growth optima, for example, G. conferta with controlled irradiance through screening were
significantly affected by 5-100% changes in irradiance in a summer experiment, but this variable only
accounted for 6.4% of total variations, indicating that in comparison to other factors, light variation was
not strong determinant of growth. Plant density differences can also influence light exposure (Friedlander
2008a). In addition to light intensity, seaweeds will respond differently to photo periods of light : dark
hours which reflects triggers of seasonal growth rates in winter compared with summer.
Temperature
Although near impossible to control in large systems seawater heating (via warmer well water,
cultivation at a warmer site and/or using high temperature effluents of a power plant) in winter can
greatly enhance growth and counter normal trend of seasonal growth rate decline in Gracilaria and Ulva
(Friedlander 2008a and references therein). Recirculation in IMTA systems can provide for some
enhanced temperature and control (see Robertson-Andersson 2007)
Tank shape and size
Rectangular tanks were found to be easiest to build and most economical for large-scale
production (Neish 1979, Neish & Knutson 1979 in Oliveira et al. 2000), although D-ended raceways are
commonly used for both micro and macroalgal cultivation and provide economically viable cultivation.
Aquatrons and reactors (Ryther et al. 1979, Chirapart & Ohno 1993, Lignell at al. 1987 in Oliveira et al.
2000) control and automate physical and chemical variables to permit maximum algal growth but require
high cost inputs and as such have only been trialled at pilot scales. In laboratory trials (which rarely
exceed culture vessel volumes of 2m3) yields generally increase with increased volmue of cultivation
systems (Friedlander 2008a) which is important to consider during the research and development stage.
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However as reviewed in Table 3-3, commercial scale systems larger than 3000L indicated that production
of Ulva and Gracilaria species declined, however more research is required on tank design technology for
different species.
Tanks sizes and shapes used in research and commercial seaweed cultivation applications.
Epiphytes
Pulse feeding at night is a viable method of nutrient addition that controls competition by
phytoplankton and epiphytes (Lapointe 1985), a widely recognized problem in tank-based cultivation of
algae (Oliveira et al. 2000, see earlier review under Chemical Variables, Nutrients). Tanks are useful for
sporeling culture (Alveal et al. 1997). Friedlander (2008a) provides a good review of epiphyte control
citing a diversity of methods including: limited irradiance by seaweed density increase, high pulse-fed
nitrogen concentration, night feeding, pH control in summer (pH 8), water pretreatment with chlorine,
vigorous aeration and filtered recirculation, green plastic winter cover, decreased salinity pulses, decreased
water exchange, low-nutrient seawater, mechanical cleaning and selective grazing by herbivorous fish.
Table 4-3. Yields in different tank sizes (after Freidlander 2008a).

Tank
1. Small, half
barrel tanks
2. Medium
rectangular tanks
3. Big U-shaped
tanks

Dimensions
40L, 18 cm deep,
0.25 cm2
700L, 0.7 m deep, 1
m2
2100L, 3 m long, 1
m wide, 0.7 m water
depth

Materials
PVC, with 1 aeration
pipes at base
Straight PVC walls, and 2
aeration pipes at base
Fiberglass, with 1 aeration
pipe at base

Yields
Gracilaria conferta: 14.3
kg FW m-2y-1
Gracilaria spp.: 49-68
kg FW m-2y-1
Gracilaria spp.: 120
and 240 kg FW m-2y-1
with black and white
PVC tank cover,
respectively

Grazer Damage
Regular monitoring/screening for pest microcrustaceans is important to catch infestation at early
stages, current control options are application of pesticides with experimental trials exploring introduction
of fish that preferentially consume pests (Friedlander 2008a).
Algal Disease
Environmental stress often leads to disease, such as white tip in G. conferta that led to thallus
disintegration (reviewed in Friedlander 2008a). Successful preventative measures included: precise
aeration and homogeneous seaweed distribution (no clumping).
Plant Density
Optimal densities for G. conferta are 4 kg m-2 in spring, winter and autumn and 5 kg m-2 in
summer and 1.1-1.6 kg FW m-2 for Ulva (Friedlander & Levy 1995, Israel et al. 1995, respectively).
Strain Selection
Friedlander (2008a pg. 21) provides a good summary of research exploring strain selection for
high annual yield under extreme summer and winter temperatures and for relative epiphyte resistance in
Israel.
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Reproduction
Vegetative cultivation can be achieved for considerable time in tank cultivation for a number of
species including Gracilaria and Ulva, however yields and quality can decline over time and occurence of
pests or disease can require that stocks are replenished. Therefore land-based propagation of germlings in
the lab or other small-scale facilities is required. Such technology is still in its early stages for many species
(reviewed by Reddy (2010)), however basic methodologies for Gracilaria species are well documented
(FAO 1995) and spontaneous sporing of Ulva in tanks can be utlised in the first instance for cultivation of
seed stock. Future efficiency and reliability will require further development of propagation methods
similar to that developed for the successful Porphyra industry (FAO, 2006).
4.2.2 Ponds
Pond cultivation has been traditionally practised in Asian nations (Neori et al. 2004) using ponds
of various sizes, but usually circular in shape with a dirt-bottom and located adjacent and in connection
with the sea to permit tidal flushing. Low maintenance and low cost relative to tank culture comes with
several limitations, including often lowest yields of any method (16-43 tonnes fresh weight ha-1y-1; 1.5-3
tonnes dry weight ha-1y-1; plants grew faster in cages in intertidal than in ponds (Ohno et al. 1997, Chiang
et al. 1981, Largo et a. 1989 respectively, all reviewed in Oliveira et al. 2000) and low water movement
that limits algal species that can be cultivated. Like offshore cultivation, there is less control of important
chemical, physical, structural and biological variables compared with tank cultivation. Ponds are only „low
cost‟ alternatives if land is available without extra costs of land use and excavation, such as when ponds
are abandoned by other industries. However, increased production can be achieved through co-culture.
4.2.2.1 Chemical variables (nutrients, CO2/carbon, salinity)
Salinity
Addition of freshwater may be required at certain times as salinities can become high when tidal
connection is poor or evaporation is high (Oliveira et al. 2000).
Nutrients
Addition of nutrients is typically via urea, pig and/or chicken manure and is a low cost method
utilized on an as-needed basis (Oliveira et al. 2000). In large pond cultivation (reviewed by Friedlander
2008a), seawater source is critical, as high nutrient water may result in epiphyte blooms, especially
problematic for Gracilaria/Porphyra, but not Ulva. CO2 is best distributed using diffusion blocks.
Physical variables (light, temperature, flow, aeration)
Light, Temperature
As for small tanks, Friedlander (2008a) found that irradiance can be controlled by altering
seaweed densities, and that similar to tank-based cultivation, temperature was the major limiting factor in
attaining optimal algal growth.
Water motion
The ponds reviewed by Friedlander (2008a)(Table 4-4) experimented with both bottom aeration
and paddle wheels, with the former yielding better production at a higher cost and the latter more
economical, easier to operate and clean but less effective at distributing seaweeds homogenously and at
adequate velocities.
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Water exchange
In big cultivation poinds (300 m2), a water exchange of 20% d-1 that can be dropped to 10 % d-1
was optimally operated with pH control by CO2 addition (Friedlander & Levy 1995). Filtration of
seawater (50-100 µm for big ponds) assists in removing epiphyte spores and grazer reproductive phases,
which are detriemental to achieving good seaweed yields.
Structural variables (pond size, design)
One problem in pond-based cultivation in times of storms/high wind events is that plants can
pile up if untethered, resulting in decreased growth. Tying thalli to bamboo poles, covering ponds with
nets and/or erecting windbreaks of lines of stakes across the pond are recognized as viable, low cost
preventative strategies (Shang 1976). A number of pond sizes and shapes were explored in Israel for
Gracilaria cultivation (Dimensions, composition and yields are summarized in Table 4-4
below)(Friedlander 2008a). Scaling up from a 30 m2 pond to 1500 m2 pond resulted in 33% decrease in
yield, which may be alleviated by increased aeration and modification to background pond color (white
better for light consumption, but black better for epiphyte control).
Table 4-4. Yields in different pond sizes (after Freidlander 2008a).

Pond
1. Small,
rectangular

Dimensions
60-80 cm deep, 1530 cm2

2. Medium pond,
Version A

30 x 10 m, 80 cm
water depth

3. Medium pond,
Version B

30 x 10 m, 40 cm
water depth

4. Medium
rectangular pond,
Version C

1500 m2, 40 cm
water depth

5. Medium
rectangular pond,
Version D

1500 m2, 40 cm
water depth, with
round external pond
of 1000 m2 and
inside it a second
round pond of 500
m2, each with one
paddle

Materials
Straight walls of PVC or
concrete, multiple
aeration pipes at base
Earthen construction
covered by PVC plastic,
sloping walls, aeration
pipes
Earthen construction
covered by PVC plastic,
vertical walls aka raceway,
2 paddle wheels
Earthen construction
covered by PVC plastic,
vertical walls aka raceway,
2 paddle wheels
Earthen construction
covered by PVC plastic,
vertical walls aka raceway,
double circular paddle
wheel pond

Yields
59-67 kg FW m-2y-1
Not reported

41 kg FW m-2y-1

~42 kg FW m

~42 kg FW m

Biological variables (reproduction, plant density, epiphytes)
Stocking densities of 4 to 5 tonnes fresh per hectare, achieved by direct dumping of plants into
the pond is recognized as an optimum level to maximize growth, minimize competition via shading and
avoid root contact. Hand weeding is used to remove epiphytes to reduce competition with target plants,
as is introduction of milkfish and tilapia that preferentially consume phytoplankton and epiphytes over
target gracilarioids. An important consideration is to monitor fish populations as if there are too many
fish, they will eat target crop too (Shang 1976). Biological considerations for semi-intensive cultivation in
Israel are similar to those reviewed under tank cultivation (Friedlander 2008a).
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Case studies
Neori et al. (2004) reviewed land-based integrated aquaculture and identified that the success of
seaweed based integrated mariculture lies in demonstrating practicality, quantitative aspects of their
functioning and economics with examples presented from a wide range of tropical and temperate
countries and at diversity of scales. Seaweed co-culture with fish greatly improves the efficiency of the
system. Of 100% of nitrogen in the feed, only 25% is consumed by fish, with 75% of nitrogen normally
lost. But this instead can be assimilated by seaweeds in integrated aquaculture. Several important factors
to consider when choosing a seaweed species for integrated aquaculture were discussed including: 1) high
growth rate and tissue nitrogen concentration, 2) ease of cultivation and control of life cycle, 3) resistance
to epiphytes and disease-causing organisms, 4) match between ecophysiological characteristics and the
growth environment.

4.3 Offshore cultivation techniques.
Offshore cultivation is synonymous with sea-based farming or ranching and occurs in both
nearshore and oceanic (truly offshore) locales. Methods include both bottom-planting and suspended
cultivation, with the former practised for centuries essentially as „farming‟ the intertidal zone. Both
approaches to offshore cultivation carefully site select to optimize physical and chemical variables for
maximum algal growth so that inputs (e.g. fertilizer addition, aeration) are not required. Brown kelp
species are most suited to suspended rope cultivation however this is a labour intensive technology and
also requires the development of shore based propagule development of juvenile thalli (reviewed in
Roesijadi ewt al 2008). In contrast, vegetative species such as Gracilaria sp. don‟t require as much land
based infrastructure, but offshore labour is still a concern.
4.3.1 Bottom planting
A number of methods exist including: 1) direct planting in the subtidal, 2) direct planting in the
intertidal, 3) utilization of rocks as substrate, 4) utilization of wooden sticks as substrate and 5) utilization
of sand-filled plastic tubes (chululos) as substrate. The best technique for bottom planting is dependent
on factors such as algal species, cultivation site conditions and labor costs (Oliveira et al. 2000).
Chemical variables (nutrient addition)
Devices have been installed that slowly release nutrients into the ambient environment
(Santelices & Doty 1989). However, Oliveira et al. (2000) reported that no cost-benefit analyses of effects
have been published.
Biological variables (reproduction, plant density, epiphytes)
Few species can withstand direct planting into substrate (exception are Gracilaria sp.), as burial by
sand leads to plant death. In Chile, Gracilaria chilensis is adapted to some burial (Santelices & Doty 1989)
and can withstand complete burial for several months. An advantage of the Chilean method of direct
plantation in soft substrate is that if harvesting is by cutting the thallus at about 30 cm (e.g. not removing
entire plant), then repeat harvesting can occur, countering the effects of ongoing exploitation of natural
beds (Oliveira et al. 2000). Herbivores and fouling are problematic and sometimes cultivation needs to be
entirely relocated. Buschmann et al. (1995) reported that subtidal cultivation systems are more productive
than intertidal systems and are less susceptible to wave action than intertidal cultivation areas.
4.3.2 Suspended
Suspended cultivation is where seaweed is attached to a line or enclosed in a cage or net and the entire
apparatus is held above the sea bottom (Figure 4-1). Methods that have persisted maximize light and
water flow around the thallus, while avoiding access by grazers. The stability of floating structures in the
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sea is a problem. Systems need to be designed to resist rough conditions during episodes of strong wind,
even in protected bays (Oliveira et al. 2000).
Structural variables (rafts, nets, lines, design)
Cultivation on ropes or nets on the bottom or floating at specific water depths exists for the
commercial production of kelps and red seaweeds such as Gracilaria however there has been a range of
success depending on the seaweed species and skills and technology (reviewed in Oliveira et al. 2000).
Bamboo was tried as a flotation device in Brazil, but rot, molluscan attacks and heavy fouling
compromised flotation.

Figure 4-1. Methods of attached thalli to robes for
seabsed suspended cultivation (from Roesijadi et al.,
2008).

Case studies
A system of rope frames suspended between floats and anchors covering about 5 ha of water in
Luederitz Bay, Namibia has been utilized for seaweed cultivation for a number of years. Thalli are used
and are inserted sideways, using wire hooks (Racca et al. 1993, in Oliveira et al. 2000) through a long
tubular mesh stocking („Superope‟) that is suspended horizontally about 1-0.5 m below the water surface
(Dawes 1995). The system is constructed so that when tension is placed on the Superope, the tufts of
thalli are trapped in the middle, with both ends free in the water. Although 45 t dry wt ha-1 y-1 were
harvested in 1995, less than half that amount was harvested in 2000 due to tidal damage to the
rope/anchor suspension system. A similar system was trialled in Venezuela, but discontinued and also in
South Africa, however there were problems in the latter with low nitrate concentrations in the summer
(Anderson et al. 1996).
St. Helena Bay, South Africa was chosen for gracilarioid raft cultivation, as it was the only other
site on the west coast of South Africa (besides Saldanha Bay) sheltered from the swell, with strong
upwelling for good nutrient delivery. However, conflict with the land developer delayed application for
commercial cultivation.
Rope cultivation of gracilarioids in southern Chile closer (10m) and further (150m) away from
salmon cages was tested to examine nutrient uptake by seaweeds. Growth was 40% faster on ropes 10 m
from cages compared with ropes situated 150m from cages. However, bioremediation potential was
considered negligible overall when uptake rates were scaled to commercial levels (e.g. a farm of 40 ha
would only remove about 7% of 650t of nitrates pumped out annually by fish farms).
Neori et al. (2004) reviewed integrated aquaculture and highlighted a number of studies and
strategies for coastal open-water-based system, with emphasis on how co-cultured seaweed species (kelps:
Subandar et al. 1993, Chopin et al. 2001; red algae: Buschmann et al. 1995, Troell et al. 1997) grown
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closely adjacent to e.g. fish culture (salmon pens) can benefit from nutrient enrichment. Integration with
seaweeds and/or filter feeders is reported as one of the few economically feasible alternatives for waste
treament in open-water systems and the OTEC (Ocean Thermal Energy Conversion) project based in
Hawaii is presented as evidence that this approach is moving forward. Nutrient uptake efficiency is
recognized as low and potentially limiting for optimal seaweed growth in coastal open-water-based
settings due to 3-D hydrographic nature of the water flow.
Buschmann et al. (2008a) conducted IMTA growth experiments with Macrocystis pyrifera in seabased cultivation on 100 m long lines situated 100 m from a salmon farm in Chile. This study was
conducted to address possibility of growing M. pyrifera for use as high quality abalone feed. The best
culture depth in the ocean was found to be at three metres for M. pyrifera, a depth where epiphytism was
not a major issue. Growth rate was 6% day-1 and maximum growth occurred in the spring with an annual
production of 25 kg m-1 during the nine-month production period. M. pyrifera was reported to utilized
available nitrogen efficiently, with nitrate uptake rate (µM NO3 g(DW)-1h-1) of 11.8 4.5. High intensities
of solar radiation (UV and PAR) were found to be difficult for M. pyrifera growth at low depths at noon
during the summer.
The complex life history of many brown algae (including Hizika (previously Sargassum) fusiformis)
has made securing a stable and sufficient supply of young seedlings (a prerequisite of commercial
cultivation) difficult (Pang et al. 2008). However, controlling synchronization of receptacle development
to enable simultaneous discharge of male and female gametes has greatly enhanced fertilization success.
Seedlings (5.5 hundred million embryos from 100 kg of female sporophytes) were raised to 3.5 mm in
greenhouse tanks (120 concrete tanks from 20 to 50 m3) in one month and then grown in the open sea
for more than three months at two export sites. Parameters for successful culture included: 1) exposure to
direct solar irradiance (1500 µmol photons m-2s-1 maximal irradiance at noon on a sunny day, but cloudy
days did occur), 2) gentle aeration, 3) 1.2 m water depth, then 0.4 m after embryo seeding, and 4) water
renewal every 3 days for the first 15 days.
A decline in natural populations of Sargassum horneri along the Chinese coast prompted
investigations into an efficient method of producing seedlings for cultivation to be used in the eventual
rehabilitation of natural areas (Pang et al. 2009). Controlled experiments took place in indoor raceways
and rectangular tanks under reduced solar radiation and ambient temperatures. Major findings were that
sexual reproduction could be accelerated in elevated temperature and light climates, to at least three
months earlier than in the wild. Eggs had a long window of fertilization potential, and this was much
greater than for conspecifics. Suspension and fixed culture were viable alternatives in growing out
seedlings to the long-line cultivation stage. The life cycle was manipulated to four and a half months,
indicating it can be shortened.
Hwang et al (2009) tested mass cultivation of Ecklonia stolonifera in Korea for use as summer feed
for abalone (H. midae). This study relied on artificial seeding and cultivation techniques used for Laminaria
and Undaria based on zoospore collection from mature thalli and nursery and on-growing culture
techniques of Sargassum fulvellum from earlier studies by the author. Grow out was done in the wild
utilizing a horizontal cultivation system of long line/coir rope. A wide range of depths were tested for
growout, with plants cultured at 1.5 m demonstrating significantly better growth rates than growout at
other depths (both shallower and deeper). Another important conclusion was that harvested holdfasts
regenerated new blades during the winter season that were then harvested the following year. Higher
productivity in the second year, related to perennial nature of the algae, could contribute significantly to
reducing feed costs of abalone cultivation, as it removes the need to produce new seed ropes every year.
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Table 4-5. Spore versus Vegetative Propagation for Gracilaria Cultivation (after Oliveira et al. 2000).

Inocula
Spores

Advantages
Considerable reduction in
labour for seeding, crops with
uniform ploidy (n or 2n), less
biomass for seeding

Thalli pieces

Allows clone cultivation, higher
production in shorter time,
lesser susceptibility to fouling

Disadvantages
Need of mature fertile plants
and tanks for inoculation,
higher genetic variability (see
Guillemin et al. 2008), longer
time in sea for the same
production (low initial biomass),
higher susceptibility to fouling
Labor intensive for planting,
demands high biomass to start
cultivation

Key recommendations for Australian abalone (+algal) aquaculture
In summary, the staged development towards cultivated seaweed for abalone feeds and seabased abalone
growout systems may follow stages that include a research and development strategy to assess the
suitablility of water delivery, well managed nutrient supply, inorganic carbon supply (eg. CO 2),
temperature, light control and suitable cultivation infrastructure, and with an adaptable commercial
development plan:
Stage 1: Onshore hatchery and nursery tank cultivation of abalone
Larve/postlarvae fed microalgae
- Drawing on work in Australia by Daume and Borowitzka
Nursery and juvenile stages fed formulated feed and/or protein-enriched Ulva and Gracilaria or
other red seaweed grown in land based tank systems
- Co-cultured in partial recirculation systems
- Drawing on integrated multi-trophic aquaculture models in South Africa and in literature
presented here
- Lengthening growout in nursery tanks through the use of fresh seaweeds and high
density of abalone
Stage 2: Offshore cultivation of subadult /adult abalone
Anchored barrels or cages of abalone fed fresh seaweeds for reduced feeding regularity and
maintenance and good water quality
Experimental tank-based Ecklonia radiata or Macrocystis pyrifera hatchery and nursery culture
- Artificial seed production, selective breeding and rope seeding
- Guidelines as for Ecklonia stolonifera (Hwang et al. 2009)
Offshore growout of suitable brown algae, Ecklonia radiata or Macrocystis pyrifera and potentially
tiered multispecies cultivation with green seaweeds used as shade for sub-layers of red and brown
seaweed cultivation
- Adjacent to or directly on structures for offshore abalone cultivation
- Potential combination of production for high value products as well (food and
nutraceuticals).

References section IV (see end section V)
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5 Preliminary cost-benefit analysis of using cultured algae as a
feed source and/or ingredient in manufactured abalone feeds
as compared to wild collected algae or present non-algal
incorporated manufactured diets.
Seaweed is not necessarily cheaper than formulated feeds as savings are offset by the cost-benefits
achieved from low feed ratio and a shorter production cycle offered by pelleted feeds (Robertson–
Andersson, 2007; Marifeed, 2007). Despite costs, the major advantage of pelleted feed lies in their
reliability and convenience from a farm management point of view (Robertson–Andersson, 2007;
Marifeed, 2007). However the land based cultivation of seaweeds can make farming in new areas possible
and with well designed and integrated production of nutritionally balanced seaweeds (as described above)
could provide for economic gains of abalone cultivation operations.
The integration of seaweeds into abalone cultivation systems can have many direct and indirect costs and
benefits versus formulated feed, such as improved growth rates (direct), improved water quality (indirectly
improving growth and survival), reducing grow out costs (and therefore land costs) and reducing
management and energy requirements.
Several cost/benefit factors may be hidden or not shown in a balance sheet and may only become
apparent in the culture environment. For example, the South African commercial farms that produce Ulva
spp. in abalone effluent claim to produce enough seaweed in 1600m2 of raceway tanks (x4 tanks) to feed
40-50t of wet weight abalone and is reported to save the farm ~US$70K/yr in feed costs.
Of further consideration is that the production costs of seaweeds can vary hugely depending on the
cultivation system, species choice and environmental factors. Thus a cost/benefit breakdown for
incorporation of seaweed into abalone feed systems is unrealistic on a general level. The technology and
information sources reviewed here however, in combination with proposed abalone cultivation systems,
should provide for a basis upon which to design a cultivation system, cost it and adapt it when the cost
limitations become evident in a business plan (eg. Figure 5-1).
$1,200,000.00
$1,000,000.00
$800,000.00
$600,000.00
$400,000.00
$200,000.00
$-

Figure 5-1. Business plan costs for the running of a 200 ton (blue) and 100 ton (red) land-based abalone farm in
Australia (Love 2003)
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Depsite the many unknowns, it is probable that a well designed seaweed feed and abalone cultivation
system is economically viable, and in the right circumstances, equally or more profitable than fully
formulated feed systems. Feed costs were estimated to contribute to approximately 14% of production
costs for a land based cultivation system in 2003 (Love 2003) and currently retail at about $3.00/kg for
the farmer. With a seaweed cultivation system, the direct feed costs can range from $0.60 - $70.00 / kg
based on gross value of seaweed imported to Australia. Therefore dried seaweed product can be
produced elsewhere in the world and sold at a lower price than artificial feeds, however, this will not be a
tested or suitable option for Autralian systems, and does not address establishing a balanced mixedseaweed diet profile.
A straight cost benefit calculation comparing kelp and Abfeed is available form the Marifeed website for a
South African (H. midae vs. kelp Ecklonia maxima) on farm situation and demonstrates that there may be
minor (~4%) feed cost savings with formulated feeds versus kelp (below). This is not relevant for
cultivated seaweed situations for which production may cost more, but also for which growth and
survival may increase and improve revenue.
With wet kelp at ZAR1.07 per kg is:
@ 14:1 = ZAR14.98 per kilogram
@ 16:1 = ZAR17.12 per kilogram

With ABFEED at ZAR14.50 per kg (dry feed):
@ 1:1 = ZAR14.50 per kilogram
@ 1.2:1 = ZAR17.40 per kilogram

The South African Abfeed or kelp scenarios are similarly superficial and based on a straight feed cost
comparison, but if one had to include labour there are three times as many labourers required to feed
kelp, compared to Abfeed (Robertson-Andersson 2007). In contrast, while the labour costs may seem
like a saving for Abfeed, the water flow rates of Abfeed farms are higher than those of kelp only farms
(Robertson-Andersson 2007). This is due to the higher water exchange rate required with Abfeed as water
quality deteriorates more rapidly with Abfeed than with kelp (Robertson-Andersson 2007). Therefore
energy demands and costs are increased through increased electricity usage, demonstrating that even cost
comparisons for established systems are complicated.
Similarly, Bausuyaux (2000) did a feed costing of the European abalone, Haliotis tuberculata, fed Adam &
Amos or Palmaria palmata (red algae). The price for the Palmaria palmata is from 0.82 to 1.05 Aus$ per kg
and with an FCR of + 5:1, to grow a kilogram of abalone would cost AUD$4.04 - $5.19. In comparison,
the price for the artificial food is AUD$2.95 and to grow a kilogram of abalone would cost AUD$4.42.
The formulated feed performed similarly to the algal feed and is similar in price and thus it could be used
in complement or as a replacement to the P. palmata. The easy stocking of the compound feed allows it to
be permanently available and not subject to the seasonal and harvesting (due to weather) availability
problems.
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The ecological-economic assessment of the different aquaculture practices is extremely important for the
sustainable development of aquaculture. This is a new method using differential drivers – pressure- state
– impact – response (∆DPSIR) methodology (Nobre 2009) and was applied to a dataset that recorded the
integration of seaweed production into an abalone farm in SA in 2007 (Nobre et al. 2010). In order to
fully evaluate the overall impact of a farm (e.g. including influence on the environment, people as well as
profitability), the true productivity and environmental as well as socio-economic costs need to be
determined in order for a proper comparison to be made (Nobre et al. 2009).
The Irvine and Johnson (I & J), Cape Cultured Abalone Pty Ltd farm started in 1994 using a flow
through system (Scenario 1); in 2007 it then implemented a recirculation system using seaweeds on a pilot
scale (IMTA, Integrated Multi-Trophic Aquaculture), which were harvested to feed 10% of the abalone
(Scenario 2); the seaweed ponds will be expanded to feed 30% of the abalone in 2011 (Scenario 3).
Table 5-1. Three plausible scenarios for cultivation systems

Production

Scenario 1

Scenario 2

Scenario 3

(MT/year)

Monoculture

Monoculture + IMTA

Monoculture + IMTA

Abalone

240

120

120

Seaweed

120

120

120

360

The assessment measures the changes following the differential Drivers-Pressure-State-Impact-Response
(⌂DPSIR) approach in two different scenarios:
The shift from Scenario 1 to 2, i.e. from abalone monoculture (in a water flow-through system)
to the IMTA with seaweeds, which recycles 50% water and replaces 10 % of kelp consumption
with on-farm grown seaweed, and
The shift from Scenario 1 to 3, i.e. from monoculture to the expanded seaweed ponds, predicted
to replace 30% of kelp consumption with on-farm grown seaweed.
The quantified environmental externalities corresponded to an overall economic benefit to the
environment of about 0.9 million and 2.3 million USD/year upon shifting the farm practice from abalone
monoculture (Scenario 1) to the IMTA Scenarios 2 and 3, respectively (
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Table 5-2). These benefits were mainly due to avoiding costs concerned with kelp bed restoration (under
Scenarios 2 and ), which were 0.75 million and 2.26 milion USD/year, respectively.
The overall economic impact associated with the shift from monoculture to IMTA is 1.1 million and 3.1
million USD/year in Scenarios 2 and 3, respectively. These positive values are a result of the benefits
generated by the seaweeds directly to the farms (increased profits) and indirectly to the environment and
the public (value of the externalities).
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Table 5-2. Main results of the ecological and economic assessment of the role of seaweed
production in an abalone farm.
Scenario 1 to
DPSIR components

Scenario 2

Scenario 3

Changes in Drivers

Profit (103 USD/year)

204

721

Changes in Pressures

N discharge (MT/year)

-5.0

-3.7

(proxy for ecological
Impact)

P discharge (MT/year)

-1.1

1.4

Kelp harvest (ha/year)

-2.2

-6.6

GHG (103MT CO2/year)

-0.35

-0.29

Economic impact *1 (103 USD/year)

1 098

3 060

894

2 339

N discharge

(121.9)

(90.3)

P discharge

(12.5)

(-16.0)

Kelp harvest

(753.4)

(2,260.1)

(6.5)

(5.0)

12

36

1 086

3 024

Impact

Environmental externalities

Response

(103
USD/year):

Changes in

(103 USD/year):

GHG

Response implementation cost
USD/year)

Net value of cost/benefits*2 (103 USD/year)

(103

All monetary values are expressed in U.S. dollar (USD), using the average exchange rate for 2007 from IMF
(International Monetary Fund) data (1 USD = 7.24 Rand and 1 Euro = 1.312 USD). Adjustments were made to
equalize purchasing power between USA and SA using the purchasing power parity (PPP) for 2007 (1 USD = 4.273
Rand) obtained from Worldbank database (http://devdata.worldbank.org/wdi2005/Table5_7.htm). GHG –
Greenhouse gas, CO2. *1 Economic impact is given by the sum of change in profit with the value of externalities.
*2 Net value of cost/benefits is given by total impact minus the cost of the response implementation.
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The measures adopted by the farm managers to shift the farm from monoculture to IMTA correspond to
the Response. It involves financial costs (i.e. seaweed pond construction):
Paddle pond costs

USD

Concrete

9361

Other components (e.g. electric motor)

4645

Paddle wheels (shared by two ponds)

8031

Total investment

US$

4 ponds

78,858

12 ponds

236,574

It is interesting to note that the investment is recovered in less than one year, given that the increase of
profits obtained when shifting from monoculture to IMTA scenarios (0.20 and 0.72 million USD/year to
Scenarios 2 and 3, respectively), is significantly higher than the total investment cost, estimated as only
79K USD and as 237K USD in Scenarios 2 and 3, respectively.
Although this is a methodology, Nick Loubser (manager of I & J abalone farm) was quoted in Fishing
industry news June 2007. pg 16 – 17 stating that “The actual financial benefits are difficult to determine
but in ball park terms we calculate that the seaweed contributes at least ZAR 500 000 a year to the farm in
feed cost savings alone.”
Thus the methodology explained above is a far better comparison of the real costs and benefits of feeding
seaweeds grown in an IMTA system.
Both of these methodologies assume that a single feed is fed throughout the cultivation cycle. Current
research indicates that this is not the case in reality and that a series of diets should be used, similar to the
following:
Settlement
Weaning
Grow out
Finishing diet
The grow-out diet should not be a single species diet (i.e. just formulated or just algae) but rather a
combination diet. The aims of the grow out diet should be to maximise abalone growth, increase
immunity and maintain good water quality in the culture environment.
The finishing diet should be a diet that is applied to the last 6 months of the abalone‟s cultivation and one
which improves meat yield during canning, reduces water loss during transport and fits in with taste trials,
while maintaining good water quality. Diet choice appears to be species and location specific and
currently there is not one recommendation.
In summary, seaweed as a feed in abalone aquaculture has been demonstrated to provide comparative
feed costs, and with added costs or benefits depending on the system design, species or mix of seaweeds,
abalone and most importantly, management practices. Feed format can affect costs directly at purchase,
but also in many indirect ways including animal growth and survivorship, water quality and therefore,
again, growth and survivorship and management and energy costs. The specific abalone cultivation
system/design and the specific seaweed cultivation technology and species choice, require detailed costing
for a business plan directly relevant to the local situation and proposal. Information sources for the

5-186

20.04.10
technology, and then indirectly the ability to cost production systems, can be found throughout this
review. Pilot commercial trials with a strong research and development focus are the most effective way
to progress the commercial development of sea-based and seaweed-fed abalone cultivation systems.
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